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Without instability and nonuniformity problems induced by grain boundaries, 
amorphous transparent conducting oxides (a-TCOs) have attracted extensive attention 
in the application of various optoelectronics. However, the exploration of amorphous 
TCOs has been a challenging topic. The working hypothesis proposed by Hosono et al 




 (n ≥ 4), where n 
refers to quantum number, are potential candidates in forming a-TCOs. In this study, 
appropriate elements are searched to incorporate into indium zinc oxide (IZO) for the 
purpose of finding new a-IZO based TCOs and evaluating the working hypothesis. 
Based on Hosono proposed working hypothesis for the a-TCOs exploration, except 
toxic elements, stable Au, p-type forming element Cu, and the reported Ga and Sn, 
only nontoxic Ag and Ge are promising candidates to incorporate into the main matrix 
of indium zinc oxide. Beyond Hosono et al’s working hypothesis, low cost Al or Y are 
also interesting candidate to incorporate into a-IZO since in forming oxide, each of 
them generally releases all 3 valence electrons and has larger covalent radius, 
probably contribute to n-type conductivity increase without color center induced 
transmittance reduction, when incorporating into a-IZO. Therefore, the effect of 
candidates Ag, Ge, Al and Y on the properties of a-IZO is first investigated and the 
working hypothesis is assessed. 
 vi 
 
According to Hosono et al’s working hypothesis, Ag incorporated a-IZO was first 
investigated and a thin Ag layer embedded in a-IZO succeeded to achieve 
conductivity 19 times higher than that of the a-IZO and transmittance comparable to 
a-IZO. The conductivity behavior of Ag embedded a-IZO films appeared abnormal 
and a conduction model was proposed to explain it. The Haacke figure of merit (FOM) 
of Ag embedded a-IZO films is about 3 times higher than that of the IZO sample, 
indicating its improved performance in the devices. 
 
Another element Ge in working hypothesis, incorporating in a-IZO shows that the 
sample with large amount (Ge/(Zn+In+Ge) atomic ratio up to 12 %) of Ge content, 
denoted as a-GeZnInO, was found to be twice as conductive as a-IZO reference. 






 is found belonging 
to ionic amorphous oxide, which supports the working hypothesis. With Ge 
concentration increasing, unexpected appearance and disappearance of crystalline 
In2O3 phase were observed and explained based on thermodynamics. Besides, 
systematic low temperature resistivity anomalies (semiconductor-metal transition) 
were observed and interpreted in the frame of quantum corrections theory. The 
Haacke FOM of a-GeZnInO shows a similar FOM to the a-IZO reference.  
 
Low cost Al doped a-IZO shows conductivity 4 times higher than that of a-IZO 
reference, following the doping mechanism. An unexpected high mobility was 
observed for some of Al2O3-IZO samples. By increasing Al2O3 doping content, Al2O3 
 vii 
 
doped IZO samples exhibited a transport property change from semiconductor to 
metallic mechanism. Semiconductor-metal transition was also observed and 
interpreted. Al doped a-IZO sample can have a FOM value higher than the a-IZO 
reference. 
 
The investigation of Y doped a-IZO showed that its conductivity can be 3 times 
higher than that of a-IZO reference, following a doping mechanism. The unexpected 
high mobility of Y2O3 doped a-IZO samples was observed and explained by the small 
effective mass calculated through the classical Drude model. Semiconductor-metal 
transition was observed and interpreted as well. Y doped a-IZO sample can show an 8 
times higher Haacke FOM value than IZO, indicating its high performance in 
applications. 
 
The study of all these foreign elements incorporated a-IZO demonstrates that more 
a-IZO based TCO can successfully be obtained and our results support Hosono’s 
hypothesis indicating its effectiveness in the exploration of a-TCO. Furthermore, this 
systematic research work reveals some new phenomena and a deeper understanding is 
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Amorphous materials, including amorphous metal, amorphous chalcogenide, 
amorphous oxide, have attracted a great deal of attention due to their unique 
properties and applications. Among the family of amorphous materials, amorphous 
oxide became of particular importance when it was electronic conducting and 
optically transparent. [1] The effort in achieving transparent 
semiconducting/conducting amorphous oxide started in 1990s by Hosono’s group 
[2-4]. Besides, they also proposed a working hypothesis on the exploration of the 
transparent conducting/semiconducting amorphous oxide. Different from insulating 
amorphous oxide and amorphous oxide with small carrier drift mobility, they thought 
that a transparent and conductive amorphous oxide should contain heavy metal 




 (n ≥ 4), where n refers 
to quantum number. n ≥ 4 ensures large spatial spread of the metal cation s-orbitals. 
The overlapping between the large spatial spread of s-orbitals with spherical 
symmetry is insensitive to the structure randomness which is intrinsic to the 





expected to be large and even comparable to the same material in its crystalline 
structure. Besides, the heavy metal cations with filled shell structure can avoid 
transparency reduction arising from d-d transitions for transparent conducting 
amorphous oxide. 
 
The first reported amorphous transparent conducting oxides (a-TCOs) include 
CdO-PbO2, AgSbO3, Cd2GeO4 [5] and tin zinc oxide (a-ZTO). [6] Later, amorphous 
indium zinc oxide (a-IZO) attracts the focus of people’s attention [6-10] due to their 
excellent properties including larger work function, wider window of high optical 
transmittance, less indium content, much higher crystallization temperatures as well 
as the improved chemical and thermal stability compared to ITO, which make it 
desirable for the commercial application. As the industry sets higher demand for 
a-TCOs in new devices, the breakthrough in this field came from the report by 
Hosono et al [11] that the electron mobility of amorphous Ga2O3 incorporated IZO 






, more than an order of magnitude greater 
than a-Si. Except a-IGZO, Hosono et al also reported a-SGZO (amorphous tin gallium 
zinc oxide) [12]; however, without indium, it showed much lower performance than 
a-IGZO. Another popular a-IZO based a-TCO is amorphous SnO2 incorporated IZO 
(a-ITZO) [13], which is considered as a promising replacement of ITO as transparent 







According to the working hypothesis for the exploration of amorphous transparent 
conducting oxides (a-TCOs), there are 105 possibilities for ternary oxides and even 
more for quaternary oxides. As reviewed, only several a-TCOs has been reported and 
the reported a-IZO related TCOs are even less. Before we started this project in 2008, 
there were no other reports on a-IZO based TCOs except a-IGZO (amorphous Ga2O3 
incorporated IZO) [11] and a-ITZO (amorphous SnO2 incorporated IZO) [15], listed 
in Table 1.1. Only recently, some other elements incorporating into IZO, such as Sr, 
La, Hf, and W are reported [16-19], listed in Table 1.1. The electrical and optical 
properties of foreign elements incorporated a-IZO are still not clear due to their 
complexity. Besides, the limited reports on foreign elements incorporated a-IZO could 
not provide the verification of the working hypothesis.  
 
















Ga III 35.5 Incorporating × Hosono [11] 2004 
Sn IV 10 Incorporating √ Phillips [13] 1995 
Ag I - - × Our work 2012 
Ge IV >10 Incorporating √ Our work submit 
Beyond 
Al III <1 Doping √ Our work 2011 
Y IIIB <1 Doping √ Our work submit 
Sr II 5.0 Incorporating × Yoon [16] 2011 
La IIIB 4.8 Incorporating × Kim [17] 2010 
Hf IVB 0.3 Doping × Kim [18] 2009 








In this thesis, the effects of foreign elements incorporated a-IZO are explored and the 
working hypothesis proposed by Hosono et al is assessed.  
 
First, based on the working hypothesis recommended candidate elements (except Ga 
and Sn shaded in green, which have been proved valid in forming a-TCO with a-IZO 
by Hosono’s group) in the black box of Figure 1.1, we study the effect of the other 
elements, which also satisfy the working hypothesis, incorporating into a-IZO. 
Judging from the candidate elements in the black box proposed by Hosono’s group, 
As, Cd, Sb, Hg, Tl, Pb, and Bi shaded in yellow, are excluded in our study since they 
are toxic and cannot be used in our lab following the safety regulation. Next, Au 
shaded in orange is found not suitable since it is so expensive and its oxide will 
decompose easily at low temperature of 160 °C. [20] Besides, Cu shaded in blue 
should not be considered as well since it has been reported as a candidate element for 
p-type TCO [21]. We have fabricated Cu and also CuO incorporated IZO, and the 
samples are much less transparent than IZO. Therefore, only Ag and Ge highlighted in 
red remain as the possible candidate elements to incorporate into the main matrix of 
indium zinc oxide for the purpose of forming new a-TCO. Second, it is also 
interesting to find whether elements outside the scope of the working hypothesis can 





Ga, of similar covalent radius (121 pm) as Ga (122 pm), and of much lower cost. Al 
will generally release 3 valence electrons in forming oxide so its incorporation into 
a-IZO probably contributes to n-type conducting with acceptable transmittance. 
Besides, through the meticulous analyses of the electrical configuration of Y 






 also releases all 3 valence electrons in forming 
oxide, probably leading to n-type conductivity increase when incorporated into a-IZO. 
No d-d transition induced color center exists in Y oxidation state so high 
transmittance is expected in the samples. Therefore Al or Y may be good candidates to 
examine whether their incorporating into a-IZO can improve the conductivity without 
transparency reduction. Third, through incorporating Ag, Ge, Al and Y into a-IZO, the 
new formed oxides are expected to show some new phenomena, and it is interesting 
to study their properties. Therefore, the investigation of the effect of Ag, Ge, Al and Y 
on the properties of a-IZO leads to the motivation of our research. 
 




Appropriate Element Selection 
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Figure 1.1  Appropriate element selection for the incorporation into IZO from the 









In this thesis, Ag, Ge, Al, and Y incorporated IZO compounds were fabricated by 
radio frequency sputtering and their characteristics were analyzed. The effect of Ag, 
Ge, Al and Y on the properties of a-IZO was investigated and accordingly the working 
hypothesis in amorphous TCO was evaluated. The whole thesis was arranged in 8 
chapters.  
 
Chapter 1 presents a brief introduction and the objective of this thesis. Chapter 2 is the 
literature review on the background and development of amorphous IZO related 
materials together with a theoretical hypothesis for the exploration of new amorphous 
IZO related materials. In Chapter 3 the experimental details are introduced. Chapter 4 
and Chapter 5 demonstrate the effect of Ag and Ge incorporation in a-IZO according 
to the amorphous TCO working hypothesis. Chapter 6 and Chapter 7 report the effect 
of Al and Y, elements outside the working hypothesis, incorporation in a-IZO. Chapter 
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Chapter 2 Literature review 
 
2.1 Overview of transparent conducting oxide 
 
Transparent conducting oxide (TCO) has been studied over a century. The first 
realized TCO was cadmium oxide (CdO), which was achieved first through thermal 
oxidation of sputtered cadmium thin film. [1] Later CdO could be obtained through 
various methods, such as sputtering [2], spray pyrolysis [3], evaporation [4], and 
metal organic vapor phase epitaxy (MOVPE). [5] CdO was found to be a good n-type 
semiconductor. Gradually, extrinsic dopants, such as indium (In), tin (Sn), fluorine (F), 
or yttrium (Y) into CdO were studied. Extrinsically doped CdO and other compounds 
such as CdSnO3, Cd2SnO4, and CdIn2O4, all show good electrical and optical 
properties. [5-9] The lowest resistivity of CdO based materials ever reported was 
1.4×10
−4
 Ωcm [7] while the typical transmittance of those materials was 85%–90% in 
the visible range. [6, 10] Although CdO based materials have desired electrical and 
optical properties, the high toxicity of Cd renders these materials face tremendous 
obstacles in penetrating into the market. Consequently, the other desirable conducting 
oxides are researched in order to circumvent this barrier. 
 
2. Literature review 
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A compound of indium oxide (In2O3) and tin oxide (SnO2), denoted as indium tin 
oxide (ITO), was reported to exhibit both excellent electrical and optical properties in 
1960s. [11, 12] Gradually it became the most extensively studied TCO, which paved 
the way for discovering the other alternatives in TCO family. The components of ITO: 
In2O3 and SnO2 are all n-type semiconductors respectively and their electrical 
conductivity can be strongly increased through extrinsic doping.  
 
In2O3 has a bixbyite-type cubic crystal structure. However, the band gap of In2O3 has 
been contentious though it is widely quoted as ~3.75 eV. [13, 14] Early experiments 
showed that the onset of strong optical absorption of In2O3 was at 3.75 eV while a 
weak optical absorption also appeared and located at 2.62 eV, indicating that it had an 
indirect band gap. [15] The fact of valence band maximum less than 3 eV compared 
with the Fermi level (situated just above the conduction band minimum) added further 
weight to the indirect band gap hypothesis for In2O3. [16] However, the band structure 
calculation of In2O3 did not satisfy the indirect gap hypothesis. Until recently, 
according to A. Walsh et al [17], the long-standing band gap problem of In2O3 was 
resolved through the first-principle theory and direct optical transition analysis. The 
large disparity between the optical and electronic band gaps is believed to be due to a 
combination of dipole forbidden optical transitions and conduction band occupation. 
[17] The direct band gap of the In2O3 bulk is thought to be of the order of 2.9 eV. [17] 
The reported extrinsic dopants adding to the host In2O3 include Sn, Ge, Mo, Ti, Zr, Hf, 
Nb, Ta, W, Te, F and Zn [18], all showing very good electrical and optical properties. 
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Among them, the lowest reported resistivity of Sn-doped In2O3 (ITO) is ∼7.7×10
−5
 
Ωcm [19, 20]. 
 
SnO2 has a rutile crystal structure with a band gap of 3.62 eV, which attract people’s 
attention also by its low electrical resistivity and high transparency in the UV-visible 
region [21, 22]. The extrinsic dopants for SnO2 are mainly F, Sb, Nb, and Ta for high 
n-type conductivity while maintaining high optical transparency [23-26]. Among them, 
F doped SnO2 (FTO) has a high transmittance and a low resistivity, which is the most 
widely used SnO2-based binary TCOs and the second widely used TCO material. 
[27-29] FTO also has low cost, high thermal and chemical stability and these 
advantages lead to its wide application in dye-sensitized solar cell and other devices. 
[30] However, compared with ITO, FTO has lower electrical conductivity and is very 
difficult in patterning through wet etching. [23, 31]  
 
Due to the excellent electrical and optical properties, the ease of processing and the 
historical reasons, ITO is still the predominant TCO used in the industry. [32] 
However, based on the 2007 United States Geological Survey, the indium recoverable 
reserves are only approximately 6000 tons in the world. In 2007, about 80~160 tons 
of indium (~80% from ITO) was consumed in the consideration of recycle. [33] In the 
very near future, it is no doubt that indium shortage may occur globally. Consequently, 
exploration of alternative TCO candidates without or with less indium content 
comparing to ITO is a must and has been already underway.  
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Let us then turn our attention to the alternatives to ITO. Doped ZnO films were 
realized for their attractive electrical and optical properties for electrode applications. 
The reported extrinsic dopants contain Ga, Al, B, In, Y, Sc, V, Si, Ge, Ti, Zr, Hf, and 
F. [17, 20] Among them, ZnO heavily doped with Ga and Al (denoted as GZO and 
AZO) are the most promising candidates. GZO is reported to be able to maintain a 
resistivity of ∼8.1 × 10−5 Ωcm [20] and AZO has a resistivity of ∼8.5×10−5 Ωm [34], 
similar to the lowest reported resistivity of ITO. The transmittance of GZO and AZO 
is also comparable to ITO. Besides, they have advantages of low cost, abundant 
material resources, and non-toxicity [35]. However, there are several disadvantages 
such as very fast degradation when exposed to damp and hot environment, which 
challenges the stability when applied in devices. [33]  
 
Although polycrystalline TCOs reviewed above have high conductivity and 
transparency, they suffer from serious instability and nouniformity due to unbearable 
distribution of grain boundaries, which need extra circuits to compensate the induced 
deviation of the device characteristics and result in degraded device performance. [36] 
Amorphous TCOs can circumvent the grain boundary problem and form large and 
uniform films, which are crucial especially in flexible electronics applications. The 
exploration of amorphous TCOs has started from 1990s and the first reported 
amorphous TCOs include CdO-PbO2, AgSbO3, Cd2GeO4 [37]. Hosono and his 
colleagues [37] proposed a working hypothesis on the a-TCOs exploration, which will 
be discussed in details in the following section. In the same period, the transparent 
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conducting amorphous tin zinc oxide (a-ZTO) is reported by Minami et al [38] and 
found to be in the scope of the working hypothesis proposed by Hosono et al. Later, 
amorphous indium zinc oxide (IZO) attracts the focus of people’s attention [24, 25, 28, 
30] due to their excellent conductivity and transparency as well as the improved 
chemical and thermal stability compared to ITO, which make it desirable for the 
commercial application. It is noticed that a-IZO also belongs to the scope of the 
working hypothesis. After the preliminary works, the breakthrough in the field of 
a-TCOs came from the work reported by Hosono et al [39] that the electron mobility 







more than an order of magnitude greater than amorphous silicon (a-Si). Following this 
report, a-IGZO has become the most widely studied amorphous TCO and is a strong 
candidate especially for the channel layer for thin film transistors [39]. Except 
a-IGZO, Hosono also reported a-SGZO (amorphous tin gallium zinc oxide) [40]; 
however, without indium, it showed much lower performance than a-IGZO. In 
addition, another promising a-IZO based transparent conducting oxide is amorphous 
SnO2 incorporated IZO (a-ITZO) [41] and numerous studies have been reported on its 
electrical and optical properties with various In, Sn, Zn, O composition. It is 
considered as a promising replacement of ITO as transparent conducting electrodes in 
the optoelectronics due to its decreased cost and good optical and electrical properties 
[42], which is found also in the scope of the working hypothesis. It should be 
mentioned that before I began the research in 2008, no other reports on a-IZO based 
multi-component a-TCOs were found except a-IGZO and a-ITZO. After my starting 
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this project in 2008, there are a few reports published on Sr, La, Hf, and W 
incorporated a-IZO. [43-46] 
 
In addition to n-type TCOs, we will also briefly review the group of p-type TCOs. 
The first p-type TCOs: CuAlO2, was found in 1997 by Hosono’s group, which 
triggered the development of p-type TCOs and the according application. [47] After 
that, a few other Cu based p-type TCOs were found, such as CuGaO2 [48] and 
SrCuO2. [49] Except for Cu based p-type TCOs, normal spinel ZnRh2O4 was also 
found to be a p-type wide-gap semiconductor with a band gap of ∼2.1 eV. [50] These 
achievements extend the conception of TCOs and p-type TCOs open a new frontier 
for developing novel optoelectronic devices. However, p-type TCOs are hard to 
obtain and amorphous p-type TCOs are even more difficult to achieve. 
 
2.2 Theoretical hypothesis for the exploration of 
amorphous transparent conducting oxide 
 
Amorphous materials superior to crystalline materials concentrate on large-area 
deposition uniformity and low temperature fabrication. Based on these advantages, 
hydrogenated amorphous silicon (a-Si:H) [51] was discovered in 1975, which opened 
a new frontier of electronics fabricated on a large area substrate. a-Si:H on glass has 
been extensively investigated and already become a fundamental part in the circuit of 
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flat-panel displays. [52] Recently, flexible electronics rapidly attract people’s 
attention to meet a strong demand for avoiding glass substrates in large-area displays. 
Flexible electronics are the electronics fabricated on soft plastic substrates instead of 
hard glasses and these electronics have advantages such as flexible, lightweight, 
shock resistant and potentially affordable. [53] a-Si:H has been studied for application 







). [54] In addition, a-Si:H based devices are of less interest for 
transparent electronics owing to a small band gap. [55] In contrast, amorphous TCOs 






) and high transparency so they have the potential 
in the application of flexible flat-panel displays. [56, 57] The materials exploration of 
a-TCOs stems from 1994 and a working hypothesis has been proposed to explore 
novel a-TCOs by Hosono et al in 1996. [55-57] 
 
According to the working hypothesis, candidates for amorphous TCOs should be 





 (n ≥ 4), where n refers to the principal quantum number 
of the cation. n ≥ 4 can make sure that the cation has large spatial spread of the 
s-orbital so the overlapping between the large spatial spread of s-orbitals with 
spherical symmetry is insensitive to the structure randomness which is intrinsic to the 
amorphous state. Therefore, the amorphous heavy metal oxides can exhibit very good 
electrical properties similar to their crystalline phases. 




Figure 2.1  Schematic orbital drawing of electron pathway (conduction band bottom) 
in (a) conventional covalent semiconductor and (b) heavy metal oxide. Adapted from 
[37]. 
 
Figure 2.1 schematically illustrates the comparison in orbital drawings of electron 




 (n ≥ 4) 
and covalent semiconductor such as Si to elaborate the special conduction mechanism 
of amorphous heavy metal oxides. In the amorphous covalent semiconductors, the 
overlap of the vacant orbitals of the neighbouring atoms is very sensitive to bond 
angle change, leading to deep localized states and large mobility degradation (see 
Figure 2.1 (a)). In contrast, for heavy metal oxides (see Figure 2.1 (b)), vacant 
Amorphous Amorphous 






(a) Covalent semiconductor: Si 
Crystalline 
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s-orbitals of cation and oxygen 2p-orbitals work as electron pathways. The 
contribution of oxygen 2p-orbitals for conductivity is rather small; therefore the 
conductivity is mainly determined by the large spatial spread of the vacant s-orbital of 
cations. The overlap of the s-orbitals with spherical symmetry would be insensitive to 
the bond angles and amorphous heavy metal oxides can be expected to have large 
mobility and conductivity comparable to the corresponding crystalline form. Besides, 
the metal cation with filled shell structure can avoid transparency reduction induced 
by absorption arising from d-d transitions.  
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 in the Periodic Table. Adapted from [37]. 
 





 (n ≥ 4) in the periodic table, highlighting inside a black 
box. Fifteen elements can form 105 combinations of ternary oxides and even more of 
quaternary oxides, which indicate that this working hypothesis can provide a directive 
guideline for exploring new transparent conducting amorphous muliti-component 
metal oxides. However, following this working hypothesis, only several a-TCOs have 
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been reported including CdO-PbO2 [58], AgSbO3 [59], Cd2GeO4 [37], IZO [60], and 
InGaZnO3 [57], etc. Therefore this hypothesis is far from being assessed and a 
verification of this hypothesis needs to be carried out. In this thesis, new amorphous 
multi-component metal oxides are explored, which also provide us a chance to 
evaluate the working hypothesis. 
 
2.3 Overview of indium zinc oxide (IZO) 
 
IZO is a promising material system due to less In content, larger work function, 
higher transmittance especially in 1-1.5μm range, and higher etching rate, compared 
with the most famous peer material ITO. IZO system mainly possesses polycrystalline 
state and amorphous state structure. Polycrystalline IZO can be subdivided into three 
types of structures: In2O3-rich, homologous, and ZnO-rich. The In2O3-rich region is 
Zn doped In2O3 with a cubic structure of In2O3 [61, 62]; the homologous region is a 
structure of a periodic intergrowth of pure InO2
-
 layers in a wurtzite type matrix [63]; 
the ZnO-rich region is In doped ZnO with a wurtzite-type structure. [64] Amorphous 
Indium zinc oxide (a-IZO) forms in In2O3-rich region at low temperature. [18, 65] 
 
Without grain boundaries, a-IZO is obviously superior to polycrystalline IZO due to 
its excellent uniformity owing to the amorphous structure. Besides, a-IZO can exhibit 
an optical transmittance in the visible region greater than 84%, an optical band gap of 
around 3.7 eV, mobility exceeding 60 cm
2
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Ωcm, depending on the deposition conditions. [66-68] Therefore, a-IZO can be either 
transparent conductor or semiconductor with 4 orders of magnitude resistivity 
difference, which can be applied not only as transparent electrodes in various devices 
such as Organic Photovoltaic Devices (OPV) [69-71], Organic Light Emitting Diode 
(OLED) [72], Dye-sensitized Solar Cell (DSSC) [73], Electroluminescence devices 
[74] and Thin Film Transistors (TFTs) [56], but also as active layers in TFTs.  
 
However, due to the fast growth of semiconductor industry, higher standard in high 
conductivity is required and the properties of a-IZO need to be further improved. As 
reviewed, although a-TCOs are strongly desirable in the applications of various 
optoelectronics due to their unique properties, the types of a-TCOs are much less than 
polycrystalline TCOs and a-IZO based TCOs are even rare. Before I started this 
project in 2008, there were no other reports on a-IZO based TCOs except a-IGZO 
(amorphous Ga2O3 incorporated IZO) [39] and a-ITZO (amorphous SnO2 
incorporated IZO), following the working hypothesis. [75] Only recently, some other 
elements incorporating into IZO out of the working hypothesis, such as Sr, La, Hf, 
and W were reported. However, Sr, Hf, W and La incorporating into a-IZO are found 
no improvement in the electrical conductivity, supporting the working hypothesis. 
[43-46] This amorphous TCO working hypothesis is far from being proved and a 
verification of this hypothesis is not well carried out. The exploration of foreign 
elements incorporated a-IZO is helpful in the evaluation of the working hypothesis 
and the investigation of the observed phenomena can deepen our understanding of 
such systems. 
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Thin film deposition method applied in this project is sputtering, which will be 
introduced in this chapter. Besides, experimental characterization methods used in this 
project include X-ray Diffraction Spectrum (XRD), Transmission Electron 
Microscopy (TEM), Scanning Electron Microscope (SEM), Energy-dispersive X-ray 
Spectroscopy (EDS), X-ray Photoelectron Spectroscopy (XPS), Secondary Ion Mass 
Spectroscopy (SIMS), Hall Measurements, Temperature Dependent Resistivity 
Method, Ultraviolet-visible (UV-Vis) Spectroscopy, and Surface Profilometer, which 
will be described generally. 
 
3.2 Thin film deposition equipment 
 
Sputtering deposition is a popular technique to deposit thin films, which is based on 
ion bombardment of a source material (the target) leading to atoms ejection from the 
target. Plasma is the most widely used source to produce ions and sputter the target 




charged ions (cations) are attracted from the plasma toward the target. The cations 
obtain high energy in the electric field to bombard the target and initiate sputtering. A 
schematic diagram of sputtering system is shown in Figure 3.1(a). In a simple 
experimental arrangement, a cathode and an anode are opposed to each other in a 
vacuum chamber, which is pumped to a base pressure of the order of 1×10
−4
 Pa [1] or 
lower by a combination of turbomolecular and rotary pumps. After that, argon, mostly 
used noble gas, is introduced into the vacuum chamber (with a pressure between 1 and 
10 Pa). When a high voltage is applied between cathode and anode, a glow discharge is 
ignited while sputter deposition is from its abnormal discharge region. In the process of 
sputtering deposition through DC glow discharge, the pressure must be high to generate 
sufficient ions by electrons. In order to elongate electron trajectory and increase the 
probability of ionizing gas atom, a magnetic field is usually used, which can reduce the 
discharge pressure and cathode sheath. Besides, the deposition rate is higher than DC 
glow discharge sputter deposition. Magnetron power source includes direct current 
(DC), radio frequency (RF), pulsed DC, etc. RF is usually used especially for ceramic 
targets. Due to the rapid changing electrical field, a fraction of the electron population 
in the discharge will be accelerated and make a collision before the field direction 
changing and then will have a velocity component following the changed field. In this 
mechanism, the concentration of electrons with high energies above the ionization 
potential increases, and the overall discharge impedance decreases.  
In this project, a three-target DC/RF magnetron sputtering system (Figure 3.1 (b)) is 
applied to conduct sample deposition. For RF power source, it maintains at 13.56 MHZ. 
The vacuum chamber is with a diameter of 18 inch and a depth of 13.5 inch. The rotary 





Figure 3.1  (a) A schematic diagram of a sputtering deposition system. (b) the 
three-target DC/RF magnetron sputtering system employed in this work. 
 
3.3 Characterization techniques 
 
X-ray Diffraction Spectrum (XRD) is a technique of analyzing atom arrangement of 
material, especially crystal. X-ray is used to generate diffraction pattern from a crystal 
since its wavelength is in the same order of magnitude (1–100 angstroms) as the 
spacing between crystal planes. The diffraction follows Bragg’s law [2]: 
2dsinθ=nλ                              (3.1) 
where d refers to spacing between diffracting planes, θ is incident angle, n is integer, 
and λ is the X-ray wavelength. In Bragg’s law, the crystal structure parameter (d) can 
be related with incident angle (θ) and wavelength (λ) of X-ray. The unique d spacing 





by the Joint Committee of Powder Diffraction Standards (JCPDS). 
 





 ) at 40 kV and 40 mA for material structure analysis. 
The phase was identified using standard powder diffraction files.  
 
Transmission Electron Microscopy (TEM) is a microscopy technique that electron 
beam transmits through and interacts with ultra thin sample, constructing magnified 
images. [3] The JEOL 2010F TEM employed in this work is capable of imaging 
variations across the sample, getting diffraction patterns from selected areas of the 
sample, and obtaining Energy-dispersive X-ray spectrometry (EDS). A TEM operates 
under a similar principle to the light microscope, using electron wave. The small size 
specimen is put between the condenser and objective lens; the electron beam (e-beam) 
transmits through the specimen; a magnified view is produced through objective and 
projection lens. In TEM, an objective aperture is used to obtain bright-field image and 
dark-field image. In bright-field mode, the objective aperture opening is at the 
undiffracted beam, shown in Figure 3.2 (a). In bright-field mode, when the specimen 
has uneven thickness or mass difference, thick or heavy mass area appears darker on 
the screen. In dark-field mode, the objective aperture opening is placed at a diffracted 
beam, shown by dotted lines in Figure 3.2 (b). In dark-field image, parts of the 
specimen become bright only when they satisfy the specific diffraction condition. So 





Figure 3.2  (a) Bright-field image and (b) dark-field image with transmitted and 
diffracted electrons. 
 
Scanning Electron Microscope (SEM) is a microscopy technique of imaging surface 
of a sample. Through detecting secondary or backscattering electrons, sample 
information, mainly surface topography, can be recorded. A SEM equipment contains 
the electron gun, the condenser lens, the objective lens, and the scanning or deflection 
coils. [4] In an SEM system, the current density and brightness are the two 
performance parameters for electron gun. The condenser and objective lens are used 
to focus and control the size of the generated electron beam. In the focusing process, 
the final beam diameter and the working distance (between sample surface and the 
bottom of objective lens) are the two important factors. The scanning coils are used to 
perform the scanning function for obtaining the image after electron beam striking 
sample surface. There are mainly two kinds of interactions between electron beam and 

















change happens, elastic interaction occurs and electrons are called backscattered 
electrons; inelastic interactions occur with energy change and causing ejection of new 
electrons or secondary electrons. Backscattered electrons are mainly used for SEM 
imaging contrasts, which are also affected by chemical composition. Secondary 
electrons are used to construct high resolution topographical images of the sample 
because they are very close to the contact point between electron beam and sample 
surface.  
 
In this project, a Philips XL30-FEG-SEM was used to investigate the surface 
morphology of the samples. 
 
Energy-dispersive X-ray Spectroscopy (EDS) is a technique of measuring 
elemental composition of a material, which is usually attached with SEM and TEM. A 
high energy electron beam is focused and strikes on the sample surface then electrons 
from inner shell of the sample atoms are knocked out and vacancies are left in the 
inner shell. Electrons from outer shell fill in the empty inner shell and X-ray radiation 
is generated. The X-ray energy depends on energy difference between the two shells 
of the element so this allows the elemental composition of the sample to be tested. Its 
characterization capabilities are mainly due to the fundamental principle that each 
element has a unique atomic structure. A detector is used to convert X-ray energy into 
voltage signals, which will be analyzed by a pulse processor and transferred to data 
display by an analyzer. EDX is very commonly used in determining elemental 
composition. 
 




measuring the elemental composition, chemical stoichiometry, chemical state and 
electronic state of elements in a material. X-ray penetrates the material surface and 
excites electrons that bond in the inner ‘core’-level orbital, which is named X-ray 
photoelectrons. The X-ray photoelectrons are captured and their kinetic energies (EK) 
are recorded so XPS is plotted. Through analyzing EK, the binding energy of electrons 
(Eb) can be calculated and the material can be identified, according to  
Eb=hν-EK                                           (3.2) 
where hν refers to photo energy of the X-ray [5]. XPS is a surface sensitive technique 
since photoelectrons can be analyzed only from top 1 to 10nm of the material. XPS 
experiments require ultra high vacuum (UHV) condition in the range of 10×10
-10
Pa or 
even better, which can prevent generated photoelectrons to be scattered by 
background gas molecules and reduce signal noise. More importantly, UHV can avoid 
surface contamination. In practice, Mg Kα and Al Kα are generally applied based on 
their applicability as anode material, energy, and width, which will be narrowed by 
monochromator. For XPS, a hemispherical sector analyzer is usually applied to retard 
the kinetic energy of ejected electrons from samples in order to produce high 
resolution. There are mainly two kinds of electron detectors in XPS: channel electron 
multipliers and channel plates. XPS can detect elements from He onward in the 
periodic table. Detection limits of XPS can range from 0.1 to 1.0 at% (1.0 at% = 1 
part per thousand = 1000 ppm), which is related with the analysis times. The 
minimum analysis area can range from 10 to 200 µm. 
 
In this project, surface analysis was performed by XPS (Axis Ultra DLD in Kratos). 
The background vacuum was 5×10
-9





Secondary Ion Mass Spectroscopy (SIMS) is a technique of analyzing element 
composition of a solid or liquid through bombarding its surface by energetic primary 
particles, collecting and analyzing the emitted atomic or molecular particles 
(secondary ions) by a mass spectrometer. SIMS is the most sensitive surface analysis 
technique with a detection limit of parts per billion range (ppb). SIMS should be 
operate under a high vacuum at least 10
−4
 pascal (roughly 10
−6
 mbar or torr) [6], 
which ensures that secondary ions will not impact with background gas molecules on 
their way to the mass analyzer. High vacuum can also prevents surface contamination 
through reacting with background gas molecules during the measurement. The SIMS 
technique involves static SIMS and dynamic SIMS modes. In static SIMS mode, 
secondary ions are ejected from areas not damaged previously and the surface 
monolayer lifetime is much longer than time required for analysis. In dynamic SIMS 
mode, a great deal of primary particles is bombarded on the material surface to 
generate high yield of secondary ions. The material surface is etched very quickly, 
elemental composition is recorded with depth and thus a depth profile can be obtained. 
In dynamic SIMS, for elemental positive ions, a high ionization probability can be 
achieved by applying oxygen primary ion beam; for elemental negative ions, a cesium 
primary ion beam is used to obtain a high ionization probability. There are mainly 
three mass analyzers: sector field mass spectrometer, quadrupole mass analyzer, and 
time of flight mass analyzer. The first one separates the secondary ions by their mass 
to charge ratio using both an electrostatic and magnetic analyzers. The second one 
uses resonant electric fields to separate the selected masses from non-selected ones. 
The third one needs either a pulsed primary ion gun or a pulsed secondary ion 
extraction to separate ions according to their kinetic energy, which is able to detect all 




CCD-camera or fluorescence detector is usually used to record amplified signals 
through electron multiplier and microchannel plate.  
 
In this project, SIMS analysis was done by a TOF-SIMS 5 system in IONTOF. The 
background vacuum was 2×10
-9
 mbar. The primary ion gun of O
2+
 was 2 KeV and 
current 400 nA, which was used to detect elemental positive ions, such as indium, zinc, 
silver, aluminum, germanium, and yttrium. The analysis beam was Bi
+
 with energy 15 
KeV and current 1 pA. The sputter area (O
2+
) is 300×300 µm while the analysis area 
(Bi
+
) is 100×100 µm to avoid crate effect. The primary ion gun of Cs was 2 KeV and 
current 50 nA, which was used to detect elemental negative ions: oxygen. The analysis 
beam is Bi
+
 with energy 15 KeV and current 1 pA. The sputter area (Cs) is 150×150 µm 
while the analysis area (Bi
+
) is 50×50 µm to avoid crate effect. 
 
Hall Measurements are to investigate carrier concentration, mobility and resistivity 
of a material, usually semiconductor, based on Hall effects. For the resistivity 
measurements, van der Pauw method is usually used when sample’s thickness is much 
smaller than its width and length. In order to reduce errors, the sample should be no 
isolated holes; symmetrical; four ohmic contacts are on the boundary and as small as 
possible. An acceptable geometry for Hall measurements under van der Pauw method 
is shown in Figure 3.3 (a). The four contacts are designated as 1, 2, 3, 4, in a 
counter-clockwise order. R12, 34 can be defined as  
R12, 34=V34/I12                          (3.3)  
Where V34 is the voltage across contact points 3 and 4; I12 is the current flow from 1 




resistance accuracy can be secured by repeating measurements after changing 
polarities of both voltage and current so R21, 43, R43, 21, R32, 14, R14, 32 are obtained. The 
final resistance is the average of all: 
R= (R12, 34+ R34, 12+R23, 41+R41, 23+R21, 43+R43, 21+R32, 14+R14, 32)/8      (3.4) 
According L. J. van der Pauw [7], 𝜌 =
𝜋𝑑
𝑙𝑛2
𝑅. So as long as d and R are given, ρ can 
be obtained. 
 
Figure 3.3  (a) An acceptable geometry for Hall Measurements under van der Pauw 




Hall effect is used to identify the mobility and carrier concentration. When a charged 
particle is placed in a magnetic field, it experiences a Lorentz force (F) proportional to 
the magnetic field (B) and the particle moving direction. The force (F) is the strongest 
when the particle moving direction is perpendicular to the direction of the magnetic 












F=qvB                                     (3.5) 
where q is the particle charge, v is the particle’s velocity, and B is the magnetic field. 
In a semiconductor, when a current (I) is conducted, the velocity of the electrons (v) 
can be described as  
v=I/nAq                             (3.6) 
where n refers to the electron density, A the cross-sectional area of the material and q 
the elementary charge (1.602×10
−19
 coulombs). In this case, an external magnetic 
field can produce a Lorentz force for the flowing electrons, resulting in accumulation 
at one edge of the sample. When the Lorentz force and induced electrical force are 
balanced, the Lorentz force is equal to   
F=IB/nA                            (3.7) 
As shown in Figure 3.3 (b), the potential difference (Hall voltage VH) across the 













              
(3.8) 
where ns is defined as sheet density.  
In actual measurements, with a positive magnetic field, the current I24 is injected to the 
sample and the voltage V13, P is recorded (when a negative magnetic field is applied, V13, 
N is defined). Similarly, V24, P and V24, N, V31, P and V31, N, V42, P and V42, N are recorded. 
So V13, V24, V31, and V42 are defined as follows: 
V13 = V13, P − V13, N; V24 = V24, P − V24, N; V31 = V31, P − V31, N; V42 = V42, P − V42, N  (3.9) 
VH is then equal to (V13+V24+V31+V42)/8. VH’s polarity indicates the type of material: 
positive means that the material is p-type negative means that the material is n-type. 




where ρ, n, µ refer to resistivity, carrier concentration, and mobility. When applying 
sheet resistance RS and sheet density nS in the equation, Rs=1/qnsµ is obtained. So 
mobility is µ=1/qnsRs.  
 
In the project, carrier concentration, mobility and resistivity of the samples were 
measured at room-temperature with the BIO-RAD’s HL55WL Hall system in a van 
der Pauw configuration. 
 
Temperature Dependent Resistivity Method is a technique of measuring resistivity 
variation with temperature change. Resistivity at each temperature is tested using a 
van der Pauw configuration.  
 
In this project, the temperature dependent resistivities of the samples were measured 
by using a Janis Research VPF-475 dewar with liquid nitrogen as coolant and a 
Conductus LTC-11 temperature controller. 
 
Ultraviolet-visible (UV-Vis) Spectroscopy is a technique measuring transmission, 
absorption, or reflectance spectroscopy of a material in the UV-Vis spectral region, 
where electronic transitions from ground state to excited state may happen depending 
on different materials. When a monochromatic light beam passes through a sample, 
transmittance is defined as  
T = I/I0                             (3.10)  
where T is transmittance, I0 and I are light intensities before and after passing through 
the sample respectively. Absorbance (A) is defined as 




The key components of UV-Vis spectroscopy system include light source, diffraction 
grating unit, filter, mirrors, and detectors. [8] A light beam can be separated into its 
component wavelengths by diffraction grating unit. After that, the light split into two 
equal intensity beams, received by the sample and the reference, respectively. After 
passing through the sample and the reference, the light intensities are measured by 
detectors and compared. Then the transmittance of the sample is obtained: 
T=Isample/Ireference, where Isample refers to the intensity of the sample; Ireference refers to the 
intensity of the reference. 
 
In this project, optical absorption of the films was measured with a SHAIMADZU 
UV-3101PC UV-VIS-NIR spectrophotometer. 
 
Surface Profilometer is type of technique to measure surface morphology, roughness, 
film thickness, etc. There are mainly two types of profilometers: contact and 
noncontact profilometers. For contact profilometer, a diamond stylus contacts a 
sample in a way of vertical motion and then moves laterally on the sample surface, so 
vertical surface variation as a function of lateral position can recorded and analyzed. 
The height can be identified from 10nm to 1µm and the horizontal resolution is 
determined by scan speed and data signal sampling rate. For noncontact profilometer, 
optical method is usually used to provide same information as contact profilometer, 
such as laser triangulation, confocal microscopy, low coherence interferometry and 
digital holography.  
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Chapter 4 Effect of Ag incorporation 









 is promising candidate in the achievement of a good 
transparent conductor. We found that they could not obtain expected results through 
incorporating Ag into a-IZO by co-sputtering method so another method of 
embedding a thin Ag layer in a-IZO was employed and could achieve a high 
conductivity with a comparable transmittance. Therefore, in Chapter 4, the effort in 
the growth of Ag and Ag2O incorporated a-IZO will be presented and discussed 
briefly first, and then the effect of Ag embedding in a-IZO will be studied and 
analyzed in detail. A conduction model for Ag embedded a-IZO samples is proposed 
and used to explain their experimental data. 
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4.2 Effect of metallic Ag & Ag2O incorporation on a-IZO 
system 
 
Ag incorporated IZO samples were deposited on borosilicate glass substrates at 
room-temperature by co-sputtering of IZO 83/17 and metallic Ag targets using the 
radio-frequency magnetron sputtering technique. The glass substrates were 
sequentially degreased in ultrasonic baths of acetone, ethanol and deionized water and 
then dried with N2 gas blow before being introduced into the reaction chamber. The 
base pressure of the reaction chamber was 10
−7
 Torr and the working pressure of pure 
Ar gas was 1.1 × 10
−2
 Torr. The power on IZO 83/17 target was maintained at 60 W 
while the power on Ag target was 0, 1, 4 W, and 16 W, respectively.  
 
Table 4.1  The Ag/(Ag+In+Zn) atomic ratios, average transmittances (Trans) in the 
range of 400-800 nm and conductivities of the Ag incorporated samples as a function 
of Ag target power. 
Ag target power (W) 0 1 4 16 
Ag/(Ag+In+Zn) atomic ratio (%) 0 5.3 26.3 70.8 
Average Tran of 400~800 nm (%) 86 59 1 0 
Conductivity (Scm
-1
) 190 1 22 1714 
 
Ag came first to be incorporated into IZO. From the EDX results shown in Table 4.1, 
the Ag/(Ag+In+Zn) atomic ratio is increased as Ag target power increasing from 0 to 
16 W. As Ag concentration increasing, the optical transmittance drops significantly, as 
shown in Table 4.1. It seems that metallic Ag clusters precipitation and accumulation 
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is responsible for the low transmittance of the Ag incorporated IZO samples. The 
XRD pattern in Figure 4.1 shows the appearance of Ag peaks, indicating Ag clusters 
formation inside the Ag incorporated samples. Besides, as Ag target power increasing, 
the conductivity is decreased dramatically from 0 to 1 W and then increased from 1 W 
to 16 W. The conductivity decrease from 0 to 1 W is mainly due to the scattering of 
foreign elements introduction while the conductivity increase from 1 to 16 W should 
result from the gradual formation and connection of metallic Ag, confirmed by the 
above XRD results. The Ag incorporated IZO samples cannot show high conductivity 
and transmittance at the same time, so Ag incorporating into IZO is not a good choice 
in obtaining a transparent conductive oxide.  
 






































Figure 4.1  XRD pattern of the sample with Ag target power of 16 W. 
 
Then Ag2O is tried to incorporate into a-IZO by co-sputtering method. However, in 
the process of co-sputtering Ag2O and a-IZO, Ag2O target decomposed. It should be 
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due to the low decomposition temperature of Ag2O under the vacuum condition (280 
˚C). [1] Based on the above experimental results and analyses of Ag & Ag2O 
incorporated a-IZO, it appears that Ag is not a good candidate incorporating with 
a-IZO to form transparent conductor by co-sputtering method. Another way of 
embedding a thin Ag layer in a-IZO is then employed and a parameter signifying the 
usability of TCO: the Haacke figure of merit (FOM) of the Ag embedded a-IZO 
system is evaluated. 
 
4.3 Effect of metallic Ag embedment on a-IZO system 
 
The IZO-Ag-IZO (IAI) multilayer samples were deposited by radio-frequency 
sputtering of IZO target (90 wt% In2O3–10 wt% ZnO) and pure Ag target, on 
borosilicate glass substrates at room temperature. IZO target was used for the oxide 
layer and pure Ag target was used for the metal layer. The base pressure of the 
reaction chamber was 4×10
−7
 Torr and the working pressure of Ar gas (99.999%) was 
1.1×10
−2
 Torr. The glass substrates were sequentially cleaned in ultrasonic baths of 
acetone, ethanol and deionized water and then dried with blowing N2 before 
introducing into the reaction chamber. The top and bottom IZO layers were deposited 
with a power of 60 W for 30 min, resulting in a constant thickness of 120 nm for each 
IZO layer. The middle metal layer was deposited with a nominal thickness of 0 nm, 1 
nm, 2 nm, 4 nm, 8 nm, 16 nm, 24 nm and 32 nm respectively, which was controlled 
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by sputtering time after the sputtering rate calibration, and the samples are designated 
as Ag0, Ag1, Ag2, Ag4, Ag8, Ag16, Ag24 and Ag32, respectively. 








































































Figure 4.2  Variation of (a) conductivity, (b) carrier concentration and (c) mobility of 
the IAI structure according to Ag nominal thickness. 
 
As shown in Figure 4.2, when metal thickness changes, abnormal conductivity 
variation appears for the IAI films as a function of Ag nominal thickness, especially 
for samples with nominal thickness from 0 to 8 nm. In Figure 4.2 (a), it is found that 
the conductivity decreases from 182.7 to 17.8 Scm
-1 
with Ag thickness increment 
from 0 nm to 2 nm, but the conductivity begins to increase when the Ag thickness is 
higher than 2 nm, reaching as high as 13800 Scm
-1
 for sample Ag32. Figure 4.2 (b) 
shows that the carrier concentration increases from Ag1 to Ag32. In Figure 4.2 (c), the 












 (about 76% drop) after 
the 1 nm Ag layer is added. This low mobility changed little until the Ag thickness 
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reached 8 nm. Interestingly, a further increase in Ag layer thickness leads to an 






 in mobility. The mobilities are almost the same for 
samples with Ag thickness of 16 and 24 nm and increase slightly after a further 
increment of the Ag thickness to 32 nm. Both carrier concentration and mobility are 
relatively low for samples from Ag1 to Ag4, but they become higher for Ag8 and even 
higher for samples from Ag16 to Ag32 (see Figure 4.2 (b) and (c)). The lower 
conductivities of samples Ag1-Ag8 compared with sample Ag0 are mainly due to their 
lower mobilities, while the higher conductivity for sample with Ag thickness greater 




Figure 4.3  TEM image showing Ag nanoparticles (darker regions) formed in IZO 
matrix for sample Ag4. The scale bar is 40 nm. 
 
It should be mentioned that Ag thickness variation is the main influential factor in the 
conductivity change. Prior to the formation of continuous Ag layer, random Ag 
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islands forms on the bottom IZO layer at the initial growth stage (The TEM image in 
Figure 4.3 shows the formation of Ag nanoparticles among IZO matrix.). After 
reaching a critical thickness (16 nm) of the Ag mid-layer, continuous Ag layer is 
formed. Therefore, the schematic diagram of IAI structure can be summarized in 
Figure 4.4 (a).  
 
According to the diagram described in Figure 4.4 (a), a parallel circuit scheme seems 
more appropriate than a series scheme in describing the electrical properties of IAI 
samples. Based on the parallel model, which correspond to the resistivities of 3 
resistors: the two IZO layers and the Ag layer in the IAI structure, sample 
conductivity should be the sum of the conductivities of the three layers of the IAI 
structure for samples Ag1-Ag32. Therefore, the conductivity of any of these samples 
should be greater than that of the reference sample IZO, which agrees very well with 
the conductivity of sample Ag16-Ag32 following parallel model described in Figure 4.4 
(b). Very strangely, the conductivities of samples Ag1-Ag8 are smaller, rather than 
bigger, than that of IZO as shown in Figure 4.2 (a). Such results suggest that the 3 
parallel resistors model does not work for samples Ag1-Ag8, although this model 
appears to best represent the IAI structure. Since the Ag layer thickness is less than 8 
nm for these samples, and the thickness of the IZO layers is 240 nm, the less than 3.3% 
thickness ratio of Ag to IZO layers should not change much conductivity compared 
with conductivity of the IZO sample. There should be no significant Ag diffusion as 
well, since Ag islands are confined in a very thin layer as the samples were prepared 
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Figure 4.4  (a) Schematic diagram of IAI structure dependent on variation of Ag 
nominal thickness; (b) Equivalent circuits of resistors R for samples Ag16-Ag32 and (c) 
General conduction model for IAI samples, especially for Ag1-Ag8. 
 
Based on the above analyses, a general conduction model (especially for Ag1-Ag8) 
can be built (see Figure 4.4 (c)), in which the total sample conductance is the sum of 
the IZO layer conductance and the conductance of Ag containing layer contributed by 
three portions including: the Ag nanoparticles, IZO regions separated by Ag 
nanoparticles, and interfaces between IZO and Ag. For the IZO layer, its conductance 




































                  
(4.1) 
where GIZO layer, AIZO layer, EIZO, K, and T refer to the conductance of IZO layer, a 
constant, the activation energy for conduction, Boltzmann constant and temperature, 
respectively. For the Ag containing layer, the conduction mechanism of each portion 
will be discussed one by one as follows. The resistance of Ag nanoparticles as a 
function of temperature should follow Ag bulk’s conduction mechanism [3]: 
)]273(1[ 00  TRR AgAgAg                    
(4.2) 
where RAg, RAg0, αAg0 and T refer to Ag resistance, Ag resistance at 273K, Ag’s 
thermal coefficient of resistance at 273K, and temperature, respectively. The 
resistance of IZO clusters separated by Ag nanoparticles depending on the 





                 
(4.3) 
where RIZO cluster, AIZO cluster, EIZO, K, and T correspond to the resistance of IZO cluster, 
constant, the activation energy for conduction, Boltzmann constant, and temperature, 
respectively. For interfaces between IZO and Ag, although the contact between IZO 
and Ag has no barrier between each other according to the work function of silver (4.4 
eV) [4] smaller than that of IZO (~5.7 eV) [5], in real conditions of thermally 
activated electrical conduction, the resistance dependence on the temperature of 







                    
(4.4) 
where Rinterface, Ainterface, Bne , K, T refer to the resistance of contact between IZO and 
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Ag, constant, barrier height, Boltzmann constant, and temperature, respectively. So 



















Therefore, for IAI samples, the model of effective conductance dependence on 



























According to the relationship between conductance (Geff) and conductivity (σeff =1/ρeff),
SGl effeff / , where l  and S refer to the thickness and the surface area of the 
































































In Eq. (4.7), ρeff and T are variables while 
'
layerIZOA , EIZO, 
'




interfaceA , and Bne  are parameters. It should be mentioned here that for samples 
Ag16-Ag32 with continuous Ag layers ( 0
' clusterIZOA and 0
' interfaceA ), Eq. (4.7) 
becomes the parallel model described in Figure 4.4 (b). 
 




































































































































































































Figure 4.5  Temperature dependences of resistivities of IAI structure as a function of 
Ag nominal thickness. The solid line is the fit with Eq. (4.7) by MATLAB of the 
experimental data (open rectangles). 
 
In order to check the validity of this general conduction model for all IAI samples, 
resistivity as a function of temperature is tested and shown in open-rectangle symbols 
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in Figure 4.5. The experimental data (open rectangles symbols) is fitted using Eq. (4.7) 
with MATLAB. The solid line in Figure 4.5 represents the fitting curve. From Figure 
4.5, sample IZO, as the reference, shows a decrease of resistivity dependence on 
temperature, which is a typical semiconductor behavior. After fitting its experimental 
data using Eq. (4.1), its activation energy (EIZO) can be obtained: 0.34 meV. It should 
be mentioned here that when 0' 0 AgR , 0
' clusterIZOA and 0
' interfaceA , Eq. (4.7) 
becomes Eq. (4.1), which indicate Eq. (4.7) is also applicable to the sample of IZO. 
For sample Ag1-Ag8, resistivity decreases with temperature increasing shown in 
Figure 4.5. However, this trend is suddenly reversed when Ag thicknesses are 16 nm 
and above. For sample Ag1-Ag32, the experimental data is fitted using Eq. (4.7) with 








interfaceA , and 
Bne  as free parameters. From Figure 4.5, it seems that the fitting (solid line) matches 
very well with the experimental data (open-rectangle symbols). So it can be 
concluded that the conduction model described by Eq. (4.7) can work well in 
describing the electrical behavior of IAI samples. It should be mentioned that all free 
parameters derived after fitting are positive. So for sample Ag1-Ag8, the conductivity 
should come from both IZO and Ag containing layer. In this case, electron carriers can 
move in both layers. It has been reported that the metal/TCO interface scattering can 
be the primary factor in resulting in mobility decrease in ITO-Ag-ITO, ZnO-Cu-ZnO 
and GZO-Ag-GZO multi-layered samples. [4, 7, 8] Therefore, electrons can be 
scattered at the Ag/IZO interface and other electrons may also be affected by these 
scattered electrons. Both scattering processes are described in Figure 4.6, which can 
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explain the significant mobility decrease shown in Figure 4.2 (c) compared with the 
reference IZO sample. For sample Ag16-Ag32, a continuous Ag layer is formed and 
electrons prefer to pass in the more conductive Ag layer and metallic conduction 
characteristics will dominate.  
 
Figure 4.6  Schematic diagram of scattering processes in Ag1-Ag8, involving electron 
scattering at Ag/IZO interfaces and from scattered electrons. The white ball represents 
Ag nanoparticles while the black ball represents electrons. 
 
 
Table 4.2  Optical transmittances (Trans) at 550 nm and FOM values of samples 
Ag0-Ag32 
 Ag0 Ag1 Ag2 Ag4 Ag8 Ag16 Ag24 Ag32 
Tran at 550 nm (%) 84.00 93.62 93.20 86.10 81.81 70.51 56.71 27.42 
FOM (10
−3
 Ω-1) 0.76 0.21 0.22 0.18 0.16 2.17 0.57 0.0008 
 
For application as transparent electrodes, both electrical conductivity and optical 
transmission should be as large as possible; however, they compete with each other. 
So, a meaningful figure of merit (FOM) is provided to evaluate their performances as 
transparent electrodes. FOM (ΦTC=T
10
/RSq) for TCO at a selected wavelength (550 nm) 
is adopted and suggested by Haacke [9], and later has widely been used by many 
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researchers. 550 nm is recommended because light at 550 nm possesses the strongest 
intensity in the wave band of sunlight, which is a very important factor considering 
application as transparent electrodes especially in solar cells. [10] Table 4.2 shows the 
transmittance at 550 nm and the relevant ΦTC (FOM) for different samples. It can be 
seen that ΦTC of the IAI multilayer changes as a function of Ag thickness due to the 
competition of conductivity and transmittance. A maximum ΦTC value was obtained 
for Ag16, which is reasonable based on the definition of FOM dependent on 
conductivity and transmittance. The maximum ΦTC value for Ag16 seems result from 
good conductivity and reasonable transmittance of the Ag layer. The FOM for the IAI 
sample Ag16, is about 3 times higher than that of the IZO sample, indicating its high 
performance in applications. Although the FOM (ΦTC =2.17×10
-3
 Ω-1) for our room 
temperature prepared sample Ag16 is still about 7 times lower than that of an 
optimized ITO film with ΦTC =14.9×10
-3





In this chapter, Ag or Ag2O incorporating into a-IZO by co-sputtering method was 
found to be not a good method to achieve a good transparent conductor while Ag 
embedding into a-IZO could get improved conductivity with comparable 
transmittance to a-IZO. Ag embedded a-IZO sample can obtain conductivity 19 times 
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higher than that of the IZO reference. The transparent conductive IAI sandwich 
structure films show abnormal conductivity behavior after embedding Ag with 
different nominal thickness into a-IZO. A conduction model for the IAI sandwich 
structure films is proposed and analyzed by fitting experimental data using MATLAB. 
The Haacke figure of merit (FOM) of IAI structure shows a value of 2.17×10
−3
 Ω-1 
that is about 3 times higher than that of the IZO sample.  
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Chapter 5 Effect of Ge incorporation 









 in a-IZO system could get a good transparent conductor as 
predicted by the working hypothesis. First, it will show that metallic Ge incorporation 
into a-IZO does not work well since the films become non-transparent after Ge 
incorporation, similar to the case of co-sputtering metallic Ag and IZO. Second, it will 
show that after incorporating GeO2 into IZO matrix, GeO2 incorporated a-IZO sample 
with Ge/(Ge+Zn+In) atomic ratio even more than 10%, denoted as a-GeZnInO, can 
have a better conductivity than that of a-IZO, supporting Hosono’s working 
hypothesis. The observation and analysis of the other transport properties of the GeO2 
incorporated a-IZO system will also be shown.  




5.2 Effect of metallic Ge incorporation on a-IZO system 
 
Ge incorporated IZO samples were deposited on borosilicate glass substrates at 
room-temperature by co-sputtering of IZO 83/17 and metallic Ge targets using the 
radio-frequency magnetron sputtering technique. The glass substrates were 
sequentially degreased in ultrasonic baths of acetone, ethanol and deionized water and 
then dried with N2 gas blow before being introduced into the reaction chamber. The 
base pressure of the reaction chamber was 10
−7
 Torr and the working pressure of pure 
Ar gas was 1.1 × 10
−2
 Torr. The power on IZO 83/17 target was maintained at 60 W 
while the power on Ge target was 0, 1, 4 and 16 W, respectively.  
 
Shown in Table 5.1, as Ge target power increasing, Ge content is increased for the 
metallic Ge incorporated IZO samples. As Ge content increasing, the optical 
transmittance of the metallic Ge incorporated a-IZO samples decreases gradually to 
be non-transparent, as shown in Table 5.1. As Ge target power increasing, the 
conductivity increases from 0 to 1 W and then decreases to a very low value of 0.1 
Scm
-1
 from 1 to 16 W. Among this batch of metallic Ge incorporated IZO samples, 
samples with Ge target power of 1 W and 4 W show a higher conductivity than IZO 
with pretty low transmittance while samples with Ge target power higher than 16W 
become almost insulating and nontransparent. Therefore, metallic Ge incorporation 
into a-IZO seems not a good choice in obtaining good transparent conducting oxide. 
Then GeO2 is attempted to incorporate into a-IZO and the effect of GeO2 
incorporation on a-IZO system is investigated as follows. 
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Table 5.1  The Ge/(Ge+In+Zn) atomic ratios, average transmittances (Trans) in the 
range of 400-800 nm and conductivities of the Ge incorporated samples as a function 
of Ge target power. 
Ge target power (W) 0 1 4 16 
Ge/(Ge+In+Zn) atomic ratio (%) 0 1.2 5.6 22.9 
Average Tran of 400~800 nm (%) 86 63 7 0 
Conductivity (Scm
-1
) 190 329 205 0.1 
 
5.3 Effect of GeO2 incorporation on a-IZO system 
 
The GeO2 incorporated IZO (Ge-Zn-In-O) samples were deposited on borosilicate 
glass substrates at room-temperature by co-sputtering of GeO2 and IZO 83/17 (90 wt% 
In2O3-10 wt% ZnO) targets using the radio-frequency magnetron sputtering technique. 
The glass substrates were degreased in ultrasonic baths of acetone, ethanol and 
deionized water sequentially, and then dried with N2 gas blow before being introduced 
into the reaction chamber. The base pressure of the reaction chamber was 10
−7
 Torr 
and the working pressure of pure Ar gas was 1.1 × 10
−2
 Torr. The power on IZO 83/17 
target was maintained at 60 W while the power on GeO2 target was 0, 1, 16, 28, 35 
and 70 W so the Ge-Zn-In-O samples are designated as GeO0 (IZO), GeO1, GeO16, 
GeO28, GeO35 and GeO70, respectively. 
 
Ge concentration in each Ge-Zn-In-O sample was first measured by the EDX 
technique. From the EDX results, the cation composition of Ge, Zn, and In is 
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extracted and their composition mapping in the ternary composition triangle is shown 
in Figure 5.1. In Figure 5.1, each point represents the cation composition of Ge, Zn, 
and In accordingly. From Figure 5.1, Ge/(Zn+In+Ge) atomic ratios can be identified 
to be 0% (IZO), <1% (GeO1), 11% (GeO16), 12% (GeO28), 16% (GeO35) and 28% 
(GeO70), showing an increasing trend with increasing the power on GeO2 target. 
 


















Figure 5.1  Composition mapping in the ternary composition triangle. Each point 
represents the cation composition of each Ge-Zn-In-O sample. 
 
With Ge content increasing, the structural properties of the Ge-Zn-In-O samples 
changes and their XRD patterns are shown in Figure 5.2. For the IZO sample with 0 
W on GeO2 target, no peaks appear as expected. As GeO2 target power increasing just 







search and inspection of XRD PDF (powder diffraction file) Data Files of various 
compounds containing Zn, In, O and/or Ge reveals that these three peaks belong to 
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In2O3 (222), In2O3 (400) and In2O3 (440) (PDF #65-3170). This result suggests that a 
small amount of Ge concentration can lead to the segregation of In2O3 phase from 
IZO. Similar to annealing induced In2O3 phase segregation from IZO [1-3], a small 
amount of Ge ions in IZO can also weaken the bonds in amorphous IZO and cause 
crystalline In2O3 segregation. [4] When GeO2 target power increasing from 1 to 16 W, 
the peaks of In2O3 (400) and In2O3 (440) disappear and only In2O3 (222) remains. 
With GeO2 target power further increasing to 28 W, all three In2O3 peaks disappear 
and only a hump at about 32
o
 remains, indicating the amorphous state of sample 
GeO28 which can be denoted as amorphous germanium zinc indium oxide. This 
amorphous state seems not to change even after increasing GeO2 target power to 70W 
(see the XRD patterns of samples GeO35 and GeO70). The unexpected appearance and 
disappearance of crystalline In2O3 phase with Ge concentration variation are not 
contradictory to thermodynamics. Based on thermodynamics, a system changes 
towards equilibrium state and remains in that state unless acted upon by some external 
agent, and a new equilibrium will form with the external agent disturbance. [5] For 
the IZO system with In/Zn atomic ratio of 83/17, its equilibrium state is amorphous. 
Ge acts as an external agent so its action is to break the original equilibrium of IZO 
and make the system reach a new equilibrium state. The action of a small amount of 
Ge leads to a modified equilibrium state of the system: the coexistence of amorphous 
matrix and In2O3 crystallites indicated by XRD patterns of samples GeO1-GeO16 in 
Figure 5.2 while a larger amount of Ge induces a new equilibrium state: amorphous 
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germanium zinc indium oxide indicated by its different hump position of sample 
GeO28-GeO70 from IZO in Figure 5.2. 








































Figure 5.2  XRD patterns of the Ge-Zn-In-O samples in the 2θ range of 20°-80°. 
 
Through Hall measurements, the electrical properties of the Ge-Zn-In-O samples were 
investigated. Figure 5.3 shows the variation of conductivity, carrier concentration and 
mobility. With GeO2 target power increasing from 0 W to 16 W, the conductivity 
increases from 190 Scm
-1
 to 400 Scm
-1
. With GeO2 target power increasing from 16 
W to 28 W, the conductivity still maintains a similar high value. For the first time, 
a-GeZnInO (GeO28) is found to be able to possess conductivity 2 times higher than 
IZO. However, a further increment of GeO2 target power to 35 W leads to the reverse 
of the conductivity increasing trend. The conductivity is decreased to 253 Scm
-1
 
(GeO35) and 56 Scm
-1
 (GeO70). 







































































Figure 5.3  Variation of (a) conductivity, (b) carrier concentration and (c) mobility of 
the Ge-Zn-In-O samples; (d) A schematic drawing for the carrier transport paths in 
a-GeZnInO. 
 
To have a better understanding of the conductivity variation, the carrier concentration 
and mobility are analyzed, together with the structural change of different Ge-Zn-In-O 
samples. As seen in Figure 5.3 (b), the carrier concentration increases with the GeO2 
target power increasing from 0 W to 28 W and then decreases from 28 W to 70 W. 
Such a trend coincides with the conductivity variation trend and it appears that carrier 
concentration change is mainly responsible for the conductivity change. The carrier 
concentration increase for sample from GeO0 to GeO28 in Figure 5.3 (b) is 
understandable since additional electrons will be generated through introducing Ge 
cations in the IZO matrix. Whether Ge cation takes interstitial or substitution site in 
IZO compound, the generated additional electrons can lead to the increase of carrier 
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concentration and n type conductivity. The carrier concentration decrease from GeO28 
to GeO70 probably results from the intensified disorder in the amorphous germanium 
zinc indium oxide matrix since the enhanced disorder will induce trapped states to cut 
down the number of free carriers available for electrical conduction. [6, 7] The 
mobility variation as shown in Figure 5.3 (c) appears consistent with the above 
explanation. From GeO0 to GeO28, there is only a slight mobility variation while the 
mobility decreases significantly from GeO28 to GeO70. The slight mobility decrease 
from GeO0 to GeO28 may mainly results from the increasing scattering centers 
introduced by the In2O3 crystallites and amorphous matrix while the significant 
mobility reduction from GeO28 to GeO70 is likely due to the strengthened disorder 
created by the above mentioned amorphous germanium zinc indium oxide matrix. 
Comparable to IZO (GeO0), the mobility of a-GeZnInO (sample GeO28) can be as 



















 belongs to ionic 
amorphous oxide in the scope of the working hypothesis proposed by Hosono et al. A 
schematic orbital drawing for the carrier transport paths of a-GeZnInO is drawn in 
Figure 5.3 (d) to show the direct overlapping between neighbouring Ge 4s-orbitals, Zn 
4s-orbitals, and In 5s-orbitals. The overlapping between the large spatial spread of the 
s-orbitals of those cations should be the reason that a-GeZnInO can possess 
conductivity 2 times higher than a-IZO. 



























































































Figure 5.4  Plots of normalized resistivity vs. temperature for different Ge-Zn-In-O 
sample: (a) GeO0 (IZO), (b) GeO1, (c) GeO16, (d) GeO28, (e) GeO35 and (f) GeO70, 
respectively. Insets of (b), (c), (d) and (e) are an enlargement of the experimental data 
and the fitting in a temperature range of ~60 K centered on the resistivity minimum, 
where the solid line is the fitting with Eq. (5.1) of the experimental data (open 
rectangles). 
 
Studies of resistivity as a function of temperature will next show more detailed 
transport behavior of the Ge-Zn-In-O samples. The temperature dependent resistivity 
of the films was measured by using a Janis Research VPF-475 dewar with liquid 
nitrogen as coolant and a Conductus LTC-11 temperature controller and normalized 
based on resistivity obtained at 110 K for each sample. Figure 5.4 demonstrates that 
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sample GeO0 (IZO) follows a semiconductor conduction mechanism with a negative 
temperature coefficient of resistivity in a measuring temperature range from 110 K to 
330 K. As GeO2 sputtering power increases from 0 W to 35 W, the temperature 
dependent resistivity curve gradually changes from linear to parabolic shape, and we 
find that this parabolic resistivity change dependent on temperature deviates from 
Boltzmann transport equation. After further increasing GeO2 sputtering power from 
35 W to 70 W, this parabolic resistivity variation dependence on temperature vanish, 
which will be discussed later. In order to explain the parabolic resistivity variation 
with a resistivity minimum at a critical temperature, denoted as 
semiconductor-metal-transition (SMT) temperature, the theory of quantum correction 
to resistivity needs to be considered, which comes from weak localization and 
Coulomb interaction effects related to the existence of a structural disorder. [8] 
Following this quantum correction theory, the resistivity model with quantum 














                
(5.1) 
where σ0 is related to the residual resistivity ρ0 (ρ0=1/σ0); a1T
p/2
 is the contribution of 
the weak localization due to the self-interference of quantum wave functions 
backscattered on impurities, in which p depends on the nature of the interactions (p=2 
is related to electron-electron and p=3 corresponds to electron-phonon interactions); 
a2T
1/2
 corresponds to the Coulomb electron interactions renormalized by 
self-interference effects [8-10]; and the term bT
2
 is included to account for the high 
temperature scattering contribution. [9] Without corrections arising from localization 
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and Coulomb interaction (a1= a2=0), Eq. (5.1) turns to be Boltzmann formula. [10] 
 
 
In order to scrutinize the SMT turning point, the experimental temperature dependent 
resistivity curve for sample GeO1-GeO35 is analyzed and fitted in a temperature range 
of ~60 K centered on the resistivity minimum using Eq. (5.1) by MATLAB. Shown in 
the insets of (b), (c), (d) and (e) of Figure 5.4, the open-rectangle represents the 
experimental data while the solid line is the fitting curve using Eq. (5.1), and it is seen 
that very good fitting is achieved. The fitting parameters are summarized in Table 5.2. 





) at low temperature is calculated to be smaller than the conductivity related to 
residual resistivity (σ0), which confirm that the model of quantum correction to 
resistivity under weak localization limit presented in Eq. (5.1) is valid in our case [9, 
10]. It should be mentioned that p was considered as a free parameter in the fitting 
process (with two values of 2 or 3, as mentioned above). From the best curve fitting, p 
is found equal to 2.000 indicating that the nature of the interaction corresponds to the 
electron-electron interactions [8] even in sample GeO1 and GeO16 with In2O3 
crystallite precipitation. 
 
Table 5.2  Values of the fit parameters (σ0, a1, a2, and b) of Eq. (5.1) for samples 
GeO1-GeO35. 
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Judging from the other fitting parameters in Table 5.2, it is found that a1<<a2 for each 
sample, indicates that the resistivity contribution from weak localization due to 
quantum wave functions backscattered on impurities exceeds that from Coulomb 
electron interactions. For sample GeO1-GeO16, a1 is decreased with the increase in Ge 
content, indicating that more GeO2 incorporation generates more disorder inside as a1 
reflects the degree of disorder. However, a1 of GeO28 deviates from this decreasing 
trend, which is very strange but reasonable since the large amount of Ge incorporation 
makes GeO28 turns into another amorphous system (amorphous germanium zinc 
indium oxide) that is different from In-Zn-O based amorphous system. Therefore, 
sample GeO28-GeO35 need to be discussed separately because of their difference from 
sample GeO1-GeO16. From GeO28 to GeO35, a1 decreasing with the further increase in 
Ge content means that a further increase of Ge concentration will further enhance the 
disorder. The transition temperature (Tch), at which the transition occurs from 
semiconductor to metallic behavior, is observed in the insets of (b), (c), (d) and (e) of 
Figure 5.4 and its exact value can be derived from dρ/dT=0 during fitting process 
using Eq. (5.1). The calculated Tch is 121 (GeO1), 137 (GeO16), 176 (GeO28), and 185 
(GeO35), respectively, which obviously agrees very well with the temperature 
corresponding to resistivity minimum from the experimental results. The increasing 
trend of Tch from GeO1 to GeO35 can be explained by considering the disorder 
enhancement caused by Ge concentration increase. As the amount of Ge concentration 
increasing, the disorder is increased and electrons will interfere at a shorter inelastic 
cut off length [8], thus increasing the temperature at which localization occurs. For 
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sample GeO70, one may argue why resistivity minimum does not appear. In Figure 5.4 
(f), sample GeO70 demonstrates only semiconductor behavior with a negative 
temperature coefficient of resistivity. If following Tch increasing trend from GeO1 to 
GeO35, there would be a Tch beyond the temperature range of our measurement. 
Through the analysis of quantum correction to conductivity, Tch of the Ge-Zn-In-O 
batch of samples is found to be as high as ~180 K, suggesting that high Tch in the 
Ge-Zn-In-O compound can be achieved although Tch is usually observed at very low 
temperature (~10 K). [10] In literatures, other semiconductor oxides with high Tch are 
also reported and interpreted in the frame of quantum correction to conductivity, such 
as undoped In2O3 (~120 K) [11], undoped ZnO (~170 K) [9], indium tin oxide (ITO) 
(>100 K) [12], indium zinc oxide (IZO) (~100 K) [13], Al doped ZnO (>125 K) [14], 
etc. They are all disorder related no matter whether they are intentionally undoped or 
doped, amorphous or crystalline. Therefore, the above results suggest a generally 
increased disorder as Ge concentration increasing in the Ge-Zn-In-O samples. 
 
The optical properties of the Ge-Zn-In-O samples were investigated and shown in 
Table 5.3. The average transmittance of all the samples is extracted from the wave 
length range of 400-800 nm. From Table 5.3, the transmittance of sample IZO and 
GeO1 has similar value higher than 85% while with GeO2 target power increasing 
from 1W to 70W the transmittance decreased gradually. For application as transparent 
electrodes, both optical transmittance and electrical conductivity should be as large as 
possible; however, they compete with each other. A meaningful figure of merit 
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(FOM) for TCO is suggested by Haacke [15] and later widely used by many 




/Rsq                          (5.2) 
where Tav is the average transmittance in the wave length range of 400-800 nm and 
Rsq is the sheet resistance. Table 5.3 shows ΦTC increases with GeO2 target power 
increasing from 0 to 1 W and then decreases with GeO2 target power increasing from 
1 W to 70 W. The a-GeZnInO with GeO2 target power of 28 W has similar ΦTC value 
to IZO 83/17, indicating its potential application as transparent electrodes. 
 
Table 5.3  Average transmittances (Trans) in the range of 400-800 nm and FOM 
values of Ge-Zn-In-O samples as a function of GeO2 target power. 
GeO2 target power (W) 0 1 16 28 35 70 
Average Tran  
of 400~800 nm (%) 
85.74 77.59 71.76 67.94 68.34 85.74 
FOM (10
−3




In this chapter, metallic Ge incorporation into a-IZO is found to be not a good idea in 
achieving a transparent conductor while through incorporating GeO2 into a-IZO, 
certain transparent amorphous Ge-Zn-In-O sample with large amount (Ge/(Zn+In+Ge) 
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atomic ratio up to 12 %) of Ge content, denoted as a-GeZnInO was found to be twice 
as conductive as a-IZO with the industrial standard In/Zn=83/17. a-GeZnInO 






 belongs to ionic amorphous 
oxide, which supports the working hypothesis proposed by Hosono et al. With Ge 
concentration increasing in the GeO2 incorporated IZO samples, unexpected 
appearance and disappearance of crystalline In2O3 phase were observed and explained 
based on thermodynamics. Besides, with a variation of Ge concentration, systematic 
low temperature resistivity anomalies (semiconductor-metal transition) were observed 
and interpreted in the frame of quantum corrections theory. The Haacke FOM of all 
samples changes with Ge content variation and a-GeZnInO with Ge/(Zn+In+Ge) 
atomic ratio of 12 % shows a similar FOM to the IZO sample. 
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Chapter 6 Effect of Al incorporation 




In previous chapters, based on the working hypothesis, we demonstrate that Ge 
incorporation in a-IZO can further improve the conductivity with comparable 
transmittance while Ag incorporation does not work well for this purpose. It is 
worthwhile to see if other elements out of the scope of the working hypothesis can be 
applied to incorporate into a-IZO to achieve the target of conductivity improvement 





Although it is out of Hosono et al’s working hypothesis, it is highly conductive, very 
cheap and easily obtained. Al will generally release all 3 valence electrons in forming 
oxide so its incorporation into a-IZO probably contributes to n-type conducting with 
acceptable transmittance. In Chapter 6, Al incorporating into a-IZO will be 
investigated whether it can further improve the conductivity with acceptable 
transmittance compared with a-IZO. Metallic Al introduction into a-IZO is first 
studied. Although it seems not a good method in achieving good conductivity with 
comparable transmittance, other interesting transport properties are found. Secondly, 
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the investigation of Al2O3 incorporated a-IZO samples shows that their conductivity 
can be 4 times higher than that of the industrial standard IZO 83/17 one. Besides, as 
increasing Al2O3 doping content, Al2O3 doped IZO samples exhibit different transport 
properties including unexpected high mobility trend, a conduction mechanism change 
from semiconductor to metallic behavior as well as a low temperature resistivity 
anomaly.  
 
6.2 Effect of metallic Al incorporation on a-IZO system 
 
Al:IZO samples were deposited on borosilicate glass substrates at room-temperature 
by co-sputtering of IZO 83/17 and metallic Al targets using the radio-frequency 
magnetron sputtering technique. The glass substrates was sequentially degreased in 
ultrasonic baths of acetone, ethanol and deionized water and then dried with N2 gas 
blow before being introduced into the reaction chamber. The base pressure of the 
reaction chamber was 10
−7
 Torr and the working pressure of pure Ar gas was 1.1 × 
10
−2
 Torr. The power on IZO 83/17 target was maintained at 60 W while the power on 
Al target was 0, 1, 4, 7, 9, 11 and 16 W so the Al:IZO samples are designated as Al0, 
Al1, Al4, Al7, Al9, Al11, and Al16, respectively.  
 
Figure 6.1 shows XRD patterns in the 2 range (30° to 35°) where XRD peaks exist, 




), for different Al:IZO samples. 
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There are no XRD peaks for Al0 and Al1, suggesting their amorphous state. For Al0, 
the weak wide hump, between the (222) In2O3 (2θ=30.6°) and (002) ZnO (2θ=34.4°) 
peak positions, belongs to amorphous IZO. For Al4, a small hump can be found at 
30.77
o
. When the sputtering power on Al target was increased to 7W (Al7), an 
obvious peak appears at the same position (30.77
o
). It should be mentioned that we 
observe the same peak for annealed IZO samples (unpublished results), and this peak 
position belongs to In2O3 (222) of 30.774
o
, indicating the segregation of crystalline 
In2O3 phase from IZO. Strangely but interestingly, this peak disappeared when the 
power on Al target was further increased. Instead, another hump/peak appears at ~33
o
. 
For Al9 and Al11, the hump (~33
o
) is weak but obvious, indicating the appearance of 
nano-sized crystallites. For Al16, the hump turns into a peak. A search and comparison 
of XRD PDF Data Files of various compounds consisting of Zn, In, O and/or Al, 
reveal that the following three crystals have a peak in the range of 31°-35°: Zn7In2O10 
(32.864° (0027), PDF#20-1441), InAlZn5O8 (33.114° (0021), PDF#40-0262), and 
Al2O3 (32°-34°, depending on paramorph). The formation of Zn7In2O10 and 
InAlZn5O8 is very unlikely because they contain much more Zn than In, which is 
impossible for the original IZO 83/17 (Zn<<In) to provide without In2O3 segregation. 
For Al2O3, there are several paramorphs having strong diffraction at ~33
o
. From XRD 
PDF Data Files, their 2 values around 33o are 32.778o for α-Al2O3 (PDF#04-0877), 
32.902
o
 for β-Al2O3 (PDF#11-0517), 32.778
o





 (PDF#10-0414) for unnamed Al2O3 paramorphs. 
Although it is better not to boldly affirm which Al2O3 paramorph is formed from the 
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single XRD peak or hump position, it is no doubt that Al2O3 crystallites exist in 
samples Al9, Al11 and Al16.  
 



















































































Figure 6.1  XRD patterns of Al:IZO samples in the 2θ range of 30°-35°. The inset 
image belongs to their full range XRD patterns. 
 
To interpret why In2O3 crystallites are formed in Al4 and Al7 but Al2O3 crystallites are 
formed in Al9, Al11 and Al16, we can follow the well developed and accepted 
nucleation theory concerning thermodynamics of forming a stable nucleus. [1] 
According to the theory, the free energy change ∆G firstly increases with the increase 
of nucleus or cluster size r, and then decreases when r reaching a critical nucleus size 
r*. In other words, for r<r*, the cluster or nucleus is unstable thermodynamically so 
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that the cluster will dissolve eventually. Only when r>r*, the nucleus is stable and will 
grow. When Al concentration is low (for Al1-Al7), the size of Al dominated nucleus r 
cannot reach r*. Therefore, Al dominated cluster cannot be stable and Al ions 
distribute in amorphous IZO 83/17. The existence of these Al ions distorts and 
weakens the bonds in amorphous IZO, leading to the segregation of In2O3. In2O3 
phase segregation also occurs when annealing amorphous IZO samples (unpublished 
results), in which providing heat energy to IZO increases the average kinetic energy of 
particles and, thus, their mobility leads to the relaxation of bonding. When Al 
concentration is high enough, the size r of Al dominated nucleus becomes greater than 
r*, Al ions tend to attach to the thermodynamically stable nucleus and Al dominated 
clusters grow. Therefore, Al2O3 crystallites appear without the formation of In2O3 
crystallites for samples Al9-Al16. 
 
Characterized by EDX, no Al detection for Al0-Al4 is found due to its concentration 
lower than EDX detection limit. For Al7, Al9, Al11 and Al16, the Al/(Zn+In+Al) 
atomic ratio are 4, 10, 11 and 23 at%, respectively. Al is actually doped into IZO for 
Al0-Al4 indicated by different optical gaps and conductivities. Optical gaps of the 
samples with an increment in the Al target power were determined from Tauc’s plots 
[2], showing decreasing trend: 3.62 eV (Al0), 3.54 eV (Al1), 3.52 eV (Al4) and 3.50 
(Al7) in agreement with Burstein–Moss shift model [3, 4]. When Al target power is 
slightly increased just from 7 W to 9 W, the color of the sample is turned black. 
Nagarajan et al [5] observed similar phenomenon when MIMT occurs for gallium 
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oxide and stated that sample blackening together with a sudden resistivity decrease 
can be an indication of the band gap close, signifying MIMT. No optical gaps were 
obtained for Al9-Al16, as the light transmission is too low and no obvious turning 
points of the (αhν)2-hν curves can be found in Tauc’s plot.  























































Figure 6.2  Variation of carrier concentration and resistivity of Al:IZO samples. 
 
In Figure 6.2, the resistivity increase from 0.0053  to 0.1020  for 
samples from Al0 to Al7 is as expected because IZO 83/17 is the most conductive IZO 
system and the segregation of In2O3 and an introduction of a foreign element will 
generally make the resistivity increase. The increasing trend is suddenly reversed and 
the resistivity dropped sharply from 0.1020  to 0.0065  when the 
sputtering power on Al target was just slightly changed from 7 W to 9 W, and the 
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comparing the resistivity change (Figure 6.2) with structural change (Figure 6.1), the 
sudden resistivity decrease can be found associating with the appearance of Al2O3 
crystallites in amorphous IZO. The TEM image of Al11 (Figure 6.3 (a)) shows the 
formation of crystalline phase (nanocrystal) surrounded by amorphous region. Since 
no oxygen was introduced into sputtering chamber when depositing Al:IZO films by 
co-sputtering IZO and metallic Al, the formation of the Al2O3 nanocrystals has to take 
oxygen from IZO and make the amorphous IZO regions surrounding Al2O3 
nanocrystals oxygen deficient. When an oxygen ion moves out of its position in IZO, 
each generated oxygen vacancy can contribute 2 electrons in n-type conduction; 
therefore, Al9 and Al11 are much more conductive than Al4 and Al7. The oxygen 
deficiency should cause an increase in electron carrier concentration. The carrier 
concentration curve in Figure 6.2 shows that the carrier concentration for Al9 and Al11 
are obviously higher than that of Al7. For Al11, the carrier concentration is high, and 
the resistivity of 0.0048  is not only smaller than that (0.1020 ) of Al7 
but also smaller than that (0.0053 ) of Al0 (the amorphous IZO 83/17) even 
though the existence of foreign atoms should cause scattering and an increment in 
resistivity. We had suspected, at the early stage of this research, whether the 
significant resistivity decrease for Al9 and Al11 were due to metallic Al in the samples. 
The samples prepared with higher powers on Al target (Al16 and other samples with 
even high Al powers) showed poor conductivity (in Figure 6.2), therefore, this 
possibility was excluded. The abrupt resistivity drop should then be due to the 
formation of oxygen deficient and higher conductive IZO regions (see Figure 6.3 (b)). 
cm cm
cm
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The sharp resistivity decrease is the same as the MIMT phenomenon introduced by 
Nagarajan et al [5] although we used a different approach to induce oxygen deficient 




Figure 6.3  (a) A high resolution image showing a nanocrystal in the amorphous 
region of Al11. (b) A schematic representation of the heterogeneous mixture of nano 
Al2O3 particles surrounded by oxygen deficient, high conductive amorphous IZO in 
stoichiometric IZO. 
 
6.3 Effect of Al2O3 incorporation on a-IZO system 
 
Al2O3-IZO samples were deposited on borosilicate glass substrates at 
room-temperature by co-sputtering of Al2O3 and IZO 83/17 (90 wt% In2O3-10 wt% 
ZnO) targets using the radio-frequency magnetron sputtering technique. The glass 
substrates were sequentially degreased in ultrasonic baths of acetone, ethanol and 
deionized water and then dried with N2 gas blow before being introduced into the 
reaction chamber. The base pressure of the reaction chamber was 10
−7
 Torr and the 
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working pressure of pure Ar gas was 1.1 × 10
−2
 Torr. The power on IZO 83/17 target 
was maintained at 60 W while the power on Al target was 0, 4, 7, 16, 22 and 28 W so 
the Al2O3-IZO samples are designated as AlO0, AlO4, AlO7, AlO16, AlO22, and AlO28, 
respectively.  
 
Amorphous semiconductors are preferred candidates for active layers in many devices 
from the viewpoints of low processing temperature and uniformity owing to the 
amorphous structure. From Figure 6.4, XRD measurements indicate amorphous 
structure for all the different Al2O3-IZO samples. 
 


























Figure 6.4  XRD patterns of different samples in the 2θ range of 20°-90°. 
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Figure 6.5  (a) XPS spectra in Al 2p region for all samples, indicating Al peak 
existence only for AlO28; (b) Al peak for AlO28 is deconvoluted into three resolved 
peaks. SIMS depth profile spectra of (c) AlO4, (d) AlO7, (e) AlO16, (f) AlO22 and (g) 
AlO28. 
 
In order to investigate the effect of Al on the samples, Al concentration in each sample 
needs to be verified. Al concentration was first checked by XPS, and the results 
indicated that Al concentration was very low as no Al peak could be observed in the 
XPS spectra except sample AlO28 (see Figure 6.5 (a)). In Figure 6.5 (b), the broad 
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peak in Al 2p region of sample AlO28 is deconvoluted into three resolved peaks at 
72.9 eV, 73.5 eV and 74.0 eV, using a Shirley-type baseline with pure Gaussian 
profiles. The XPS Handbook of Physical Electronics listed the 2p binding energies of 
72.9 eV for Al, and 73.9-74.7 eV for different Al2O3 including gamma-Al2O3, 
alpha-Al2O3 and sapphire. XPS Handbook of the Elements and Native Oxides (1999 
XPS International, Inc) gives the binding energies of 72.89 eV, 73.35 eV and 75.6 eV 
for Al
0
 (2p 1/2), Al
0
 (2p 3/2) and Al
3+
 (Al2O3) for kitchen type foil, respectively. 
Furthermore, Al
0
 (2p 1/2) and Al
0
 (2p 3/2) are reported at 72.9 eV and 73.35 eV [6], 
Al
3+
 in Al2O3 is reported at 74.5 eV [7]. A comparison between the XPS results of our 
sample AlO28 and the data in XPS handbooks and references suggests that our 
obtained peak at 72.9 eV belongs to Al
0
 (2p 1/2), the peak at 73.5 eV can belong to Al
0
 
(2p 3/2) but with slight deviation from 73.35 eV, and 74.0 eV can belong to Al
3+
 of 




 states in our Al2O3 doped IZO 
samples. By considering the sputtering process that involves the target bombardment 




 in the samples is not surprising. 
For samples AlO4, AlO7, AlO16 and AlO22, the existence of Al is confirmed by SIMS, 
a much more sensitive technology in finding elemental traces, and the results are 
shown in Figure 6.5 (c), (d), (e) and (f). It has been established that a SIMS 








                         (6.1) 
where Cx and Ix are the concentration and the secondary ion intensity of element x 
(such as Al) in the sample, respectively; RSFE is the relative sensitivity factor for the 
6. Effect of Al incorporation on a-IZO system 
84 
 
element, Ireference and CR are the secondary ion intensity and the concentration of the 
element in the reference sample, respectively. Unfortunately, it was unable to obtain 
such quantitative results due to the lack of reference sample for the SIMS 
measurements. However, the relative concentrations of Al for the different samples 
could be found, by taking Ireference, CR and RSFE as constants for all samples of AlO4, 
AlO7, AlO16, AlO22 and AlO28. Based on the SIMS measurements in Figure 6.5 (c), 
(d), (e), (f) and (g), the average secondary ion intensities (IAl) of Al for samples AlO4, 
AlO7, AlO16, AlO22 and AlO28 are 58, 172, 2052, 3817 and 7001, respectively. So, if 
the Al concentration in sample AlO22 is assumed to be CAlO22, the concentrations for 
samples AlO4, AlO7, AlO16 and AlO28 will be 0.0152 CAlO22, 0.0451 CAlO22, 0.5376 
CAlO22 and 1.8342 CAlO22, respectively. Therefore, the Al concentration (CAl) can be 
confirmed to increase with the increase of Al2O3 target power from 4 W to 28 W. The 
appearance of Al and Zn peaks at the film/substrate interfaces in some samples can be 
caused by the well-known SIMS matrix effect that is not stand for real sample 
information.  
 
Through Hall measurements, the effects of Al2O3 doping into IZO on electrical 
properties were investigated. The variation of carrier concentration, mobility and 
conductivity is shown in Figure 6.6. It is seen that the conductivity decreases from 
190 Scm
-1
 to 86 Scm
-1
 for samples from AlO0 to AlO4, which is expected because IZO 
83/17 is a de facto standard for the flat panel display industry and supposed to be the 
most conductive IZO system and an introduction of foreign elements will generally 
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make the conductivity decrease. However, strangely, the decreasing trend is reversed 
and the conductivity increases gradually from 86 Scm
-1
 to 752 Scm
-1
 when the 
sputtering power on Al2O3 target was changed from 4 W to 22 W. The conductivity of 
AlO22 is ~9 times higher than that of AlO4. Compared with IZO 83/17, the 
conductivity of AlO22 is also ~4 times higher than that of IZO with the industrial 
standard indium and zinc atomic ratio of 83/17. It should be mentioned here that this 
gradual conductivity increase from AlO4 to AlO22 is different from the abrupt 
conductivity increase caused by structural change observed previously on Al:IZO. [9] 
We reported that when Al target power was increased slightly from 7 W to 9 W, a 
sudden conductivity increase of ~16 times was observed and this phenomenon was 
due to the generation of oxygen vacancy in IZO through Al attracting Oxygen to form 
Al2O3. [9] The conductivity gradual increase from AlO4 to AlO22, does not accompany 
with the crystallization for the Al doped IZO case. [9] This indicates that the 
conductivity increase from AlO4 to AlO22 does not follow the same mechanism of 
oxygen deficiency inducing insulator-metal transition in the Al doped IZO case. [9] 
The gradual conductivity increase from AlO4 to AlO22 here should follow a different 
mechanism and will be discussed after analyzing the carrier concentration and 
mobility results later. When the sputtering power on Al2O3 target changing from 22 W 





that there is a limit of Al2O3 doping on achieving an increase in IZO sample 
conductivity. 
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Figure 6.6  Variation of (a) carrier concentration, (b) mobility, and (c) conductivity 
of Al2O3-IZO samples. 
 
From further analyzing the carrier concentration and mobility, the conductivity 
change trend from AlO0 to AlO28 can be better understood. As Al2O3 target power 
increasing from 0 to 22 W, the carrier concentration monotonically increases. The 
carrier concentration increase may result from the comprehensive mechanism 
combined by multi-factors, such as Al taking interstitial sites, Al substituting Zn 
or/and In and even forming complex defects by Al, Zn and In. [10] The existence of 





 based on XPS results (Figure 6.5 (b)) does not exclude the possibility of the 
existence of Al interstitials. When Al2O3 target power is increased from 22 W to 28 W, 
the carrier concentration trend is reversed to decrease, which is probably due to the 
intensified disorder inducing trapping states and leading to reduction of the number of 
free carriers available for electrical conduction. [11] For the mobility change shown in 
Figure 6.6 (b), as Al2O3 target power slightly increases from 0 W to 4 W, the mobility 
decreases due to the scattering at the sites of foreign atoms. However, the mobility 






 after Al2O3 target power 
increasing from 4 W to 22 W shown in Figure 6.6 (b). We notice that mobility 
increases with carrier concentration increasing in this range. For amorphous Si, 
mobility decreases with carrier concentration increase. However, our results agree 
with the behavior of other amorphous transparent conducting oxides: mobility 
increases with carrier concentration increase. [12] The mobility is known to be 
proportional to the width of conduction bands or the overlap between relevant orbitals. 
[13] A higher mobility associating with an Al2O3 sputtering power increase may mean 
that there is a larger overlapping between the orbitals contributing to conduction band 
after Al introduction into IZO matrix. According to the working hypothesis to explore 
amorphous transparent conducting oxides proposed by Hosono et al [13], the large 
overlapping between the ns orbitals of post transition metal element which primarily 







). Indium as major cations in IZO can render 5s
0
 orbitals of In cations 
interlock and form conduction pathways or conductive networks in achieving high 
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mobility. [14-17] For our samples from AlO7 to AlO22, In cations are the major cations 
compared with Zn based on the composition of IZO 83/17 (90 wt% In2O3 and 10 wt% 
ZnO). Thus, In cations forming the above mentioned conduction pathways should be 
the main reason for relatively high mobilities of samples AlO7-AlO22 in the 
amorphous structure. The mobility increase trend from AlO7 to AlO22 is quite 
unexpected if following the model for amorphous Si, since in common sense, more 
foreign atoms adding in IZO will lead to more scattering and disturbance that result in 
mobility drop. According to Y. S. Kim et al [18], strong interactions of donorlike 
defects in ZnO, another most extensively studied TCO, can lead to a defect complex 
formation and a significant reduction in the formation energies as well as a band 
structure change. Similarly, Al introduction into a-IZO may render a stronger 
interaction among defects and cause a band structure change, leading to a large 
curvature near the conduction band minimum and small effective mass, and hence 
resulting in the mobility increase trend from AlO7 to AlO22. After Al2O3 target power 
increasing from 22 W to 28 W, the mobility decreases again, probably due to 
intensified disorder induced scattering in our opinion. 
 
Low-temperature studies of resistivity as a function of temperature is investigated to 
probe more detailed conducting behavior of Al2O3-IZO samples. It is shown in Figure 
6.7 that samples AlO0, AlO4, and AlO7 follow a semiconductor conduction mechanism 
with a negative temperature coefficient of resistivity. It is noticed that normalized 
resistivity variation from 110K to 330K is weak, typical for this kind of highly 
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degenerated TCO films such as ITO and IZO etc [19-21], since thermal emitted 




Figure 6.7  Plots of normalized resistivity vs. temperature for different Al2O3-IZO 
sample: (a) AlO0, (b) AlO4, (c) AlO7, (d) AlO16, (e) AlO22, and (f) AlO28, respectively. 
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As Al2O3 sputtering power increases from 7 W to 16 W, temperature coefficient of 
resistivity changes from negative to positive, signifying a characteristic change from 
semiconductor to metallic behavior for which mobility change is dominant while 
carrier concentration does not vary with temperature due to the localization of Fermi 
level in the conduction band. A further increase of Al2O3 sputtering power does not 
change the transport mechanism of AlO22 while it still follows the metallic behavior. 
The metallic conduction behavior of AlO16 and AlO22 is consistent with their higher 
conductivity shown in Figure 6.6 (c). When the Al2O3 sputtering power further 
increased from AlO22 to AlO28, the metallic behavior disappeared and a 
metal-insulator transition appears in a measuring temperature range from 110K to 
330K. This low temperature resistivity anomaly obviously deviates from Boltzmann 
transport equation.  
 
In order to interpret the presence of such a metal-insulator transition, quantum 
corrections to resistivity, arising from a random potential induced by strengthened 
disorder and electron-electron interaction, should be taken into account. For sample 
AlO28, sufficient disorder can be generated, due to the use of a high Al2O3 sputtering 
power, so that quantum corrections to resistivity may be necessary. According to Lee 
















               
(6.2) 
where σ0 is related to the residual resistivity ρ0 (ρ0=1/σ0); a1T
p/2
 describes the weak 
localization due to the self-interference of quantum wave functions backscattered on 
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impurities, in which p depends on the nature of the interactions and p = 2 or 3 for 
electron-electron or electron-phonon interactions; and the term a2T
1/2
 corresponds to 
the Coulomb electron interactions renormalized by self-interference effects. [19, 22, 
23] In addition to corrections arising from localization and Coulomb interaction, a 
term bT
2
 is included to account for the high temperature scattering contribution. [22] 
It has to be noticed that without the corrections (a1=a2=0), this expression is the 
Boltzmann formulas. [23] The experimental temperature dependent resistivity curve 
for sample AlO28 is fitted using Eq. (6.2) by MATLAB as shown in Figure 6.8. The 
open-rectangle represents the experimental data while the solid line is the fitting curve 
using Eq. (6.2). The corresponding values of the fit parameters are given in Table 6.1.  











Figure 6.8  Temperature dependence of the normalized resistivity ρ(T) of sample 
AlO28 and its fitting curve. The solid line is the fit with Eq. (6.2) by MATLAB of the 
experimental data (open rectangles). 
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Table 6.1  Values of the fit parameters of Eq. (6.2) for sample AlO28  
Fit parameters of Eq. (6.2) 









It is worth noticing that p was considered as a free parameter in the fitting process 
(with two values: 2 or 3, as mentioned above). From the best fitting, p is equal to 2 
indicating that the nature of the interaction corresponds to the electron-electron 
interactions. [19] This is quite reasonable since AlO28 is amorphous and there is no 
crystal lattice and strong electron-phonon interactions. Compared with a1 and a2 in 
Table 6.1, a1<a2 indicates that the essential contribution to the quantum corrections of 
resistivity comes more from the weak localization due to the self-interference of 
quantum wave functions backscattered from impurities than electron-electron 
interactions. This just provides a piece of evidence for intensified disorder through 
some critical Al content doping. For metal-insulator transition in AlO28, the quantum 
corrections to conductivity lead to a minimum resistivity at ~190 K. As the 
temperature decreases from ~190K to 110K, the wave coherence of the electrons is 
enhanced and electron states are localized, leading to the resistivity increase. As the 
temperature increases from ~190K to 330K, the wave coherence is progressively lost 
so the normal metallic behavior is gradually recovered. The presence of minima in the 
resistivity–temperature (ρ-T) curves has also been observed in other semiconductor 
oxide, such as undoped In2O3 with a transition temperature (Tm) at ~120K [24], 
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undoped ZnO with Tm at ~170K [22], indium tin oxide (ITO) with Tm at > 100K [25], 
indium zinc oxide (IZO) with Tm at ~100K [26], Al doped ZnO with Tm at > 125K 
[27], etc. They are all disorder related no matter if they are intentionally undoped or 
doped, amorphous or crystalline. It has been reported that as foreign atoms content 
decreasing in the matrix, the temperature transiting from metal to insulator (Tch) is 
decreased. [28, 29] One may question whether metal-insulator transition is also 
possible in the other samples. It can be noticed in Figure 6.7 (d) and (e) that transition 
temperatures of about 120K appear existing for samples AlO16 and AlO22. It should be 
mentioned here that the model of quantum correction to conductivity at low 
temperature is valid provided that the quantum correction is much smaller than the 





<<σ0.                     (6.3) 
Deducing from the fitting parameters from Table 6.1, in the studied interval of 
temperatures (110 K < T <~190 K), the highest ratio of δσ/σ0 is∼0.1, meaning that the 
quantum corrections are small with respect to the Boltzmann conductivity. So we can 
use the weak disorder limit for the quantum corrections presented above. Therefore, 
the mobility drop from AlO0 to AlO4 as well as similar carrier concentration for AlO0 
and AlO4 lead to the conductivity decrease from AlO0 to AlO4. The increasing trend of 
the conductivity from AlO4 to AlO22 is due to both carrier concentration and mobility 
increase. The conductivity decrease from AlO22 to AlO28 results from the decrease of 
both carrier concentration and mobility. 
 
6. Effect of Al incorporation on a-IZO system 
94 
 
The optical transmittances of the Al2O3-IZO samples are summarized in Table 6.2. 
The average transmittance for each sample is extracted in the range of 400-800 nm. 
From Table 6.2, it can be seen that after increasing Al2O3 doping content, the 
transmittance decreases slightly. Together with electrical properties of the Al2O3-IZO 
samples, Haacke figure of merit (FOM) [30] is used to estimate their performances as 
transparent electrodes, which is defined as 
ΦTC= Tav
10
/Rsq                          (6.4) 
where Tav is the average transmittance in the wave length range of 400-800 nm and 
Rsq is the sheet resistance. From Table 6.2, ΦTC decreases from sample AlO0 to AlO4, 
increases from AlO4 to AlO22 and then decreases again from AlO22 to AlO28, 
indicating there is a limit for Al2O3 doping on achieving the performance 
improvement of a-IZO as transparent electrodes. The Haacke FOM value of certain 
Al2O3 doped IZO sample is improved with respect to the IZO reference. 
 
 
Table 6.2  Average transmittances (Trans) in the range of 400-800 nm and Haacke 
FOM values of the Al2O3-IZO samples as a function of Al2O3 target power. 
Al2O3 target power (W) 0 4 7 16 22 28 
Average Tran  
of 400~800 nm (%) 
85.63 75.32 75.01 74.42 72.86 75.04 
FOM (10
−3
 Ω-1) 1.1 0.2 0.49 0.9 1.3 0.3 
 





In this chapter, we found that metallic Al incorporating into a-IZO was not good 
method for the improvement of conductivity with acceptable transmittance while 
Al2O3 doping into a-IZO can work well for that purpose. For Al incorporated samples, 
an abrupt resistivity decrease due to the creation of oxygen deficient regions was 
realized and provided the first evidence of the new type insulator-metal transition in a 
ternary amorphous system. Through doping method, Al2O3 doped a-IZO sample can 
be 4 times more conductive than the industrial standard IZO 83/17 one. By increasing 
Al2O3 doping content, an unexpected high mobility and a transport property change 
from semiconductor to metallic mechanism can be observed. Besides, the presence of 
minimum resistivity in resistivity-temperature curve, metal-semiconductor transition 
(MST) was observed and interpreted in the frame of quantum corrections to 
conductivity. Certain Al2O3 doped a-IZO sample can have an improved FOM value 
compared with the industrial standard IZO 83/17.  
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Chapter 7 Effect of Y incorporation 




In chapter 6, it was found that Al2O3 doped a-IZO can be more conductive than the 
industrial standard IZO 83/17 one, but it is out of the scope of the working hypothesis 
as the amount of Al is very small. It has also been found from the previous chapters 
that metallic elements incorporation was not effective in achieving higher 
conductivity with reasonable transmittance comparing with metallic oxides 
incorporation. So in this chapter, the investigation of Y2O3 doped a-IZO (Y2O3-IZO) 
is conducted and it shows that the conductivity of certain amorphous Y2O3-IZO 
sample can be 3 times higher than that of IZO with an industrial standard indium and 
zinc atomic ratio of 83/17. The Y2O3 doped IZO samples also show other strange 
phenomena such as metallic conduction behavior with an unexpected high mobility 
and low temperature anomaly. The unexpected high mobility and the phenomenon of 
low temperature anomaly will be interpreted as well.  
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7.2 Effect of Y2O3 incorporation on a-IZO system 
 
Y2O3-IZO samples were deposited on borosilicate glass substrates at 
room-temperature by co-sputtering Y2O3 (99.99 wt%) and IZO 83/17 (90 wt% 
In2O3-10 wt% ZnO) targets using the radio-frequency magnetron sputtering technique. 
The glass substrates were sequentially degreased in ultrasonic baths of acetone, 
ethanol and deionized water and then dried with N2 gas blow before being introduced 
into the reaction chamber. The base pressure of the reaction chamber was 10
−7
 Torr 
and the working pressure of pure Ar gas was 1.1 × 10
−2
 Torr. The power on IZO 83/17 
target was maintained at 60 W while the power on Y2O3 target varied from 0, 1, 4, 9, 
16, 22, to 28 W. With respect to the power supplied on Y2O3 target, the Y2O3-IZO 
samples are designated as YO0, YO1, YO4, YO9, YO16, YO22, and YO28, respectively.  
 
Y2O3-IZO samples were first characterized by XRD technique. The XRD results 
indicate amorphous structure for all samples in Figure 7.1. Amorphous structure 
material not only has the advantage of large-area deposition uniformity and low 
temperature fabrication but also can avoid device performance degradation induced 
by crack through bending or stretching, when applying in the flexible electronics. [1] 
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Figure 7.1  XRD patterns of different samples in the 2θ range of 20°-80°. 
 
In order to investigate the influence of Y on the properties of Y2O3-IZO samples, 
Y-content in each sample was examined. EDX measurements were firstly attempted 
but no yttrium peak appeared in the spectrum of each Y2O3-IZO sample, which 
indicates that the Y content in our samples is below EDX detection limit (1wt% [2]). 
Therefore, XPS spectrum, which is a more accurate elemental analysis, was carried 
out for all samples and the results are shown in Figure 7.2 (a). The figure shows that 
from YO1 to YO9 no Y peak can be observed, while from YO16 to YO28 the intensity 
of Y peak increases. Samples YO1-YO9, which shows no Y-peak, indicates that their 
Y content is below XPS detection limit (0.1-1 atm% [3]). The intensity increase of Y 
peak means that the Y content increases from YO16 to YO28. In order to further check 
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whether Y exists in oxidation or other states in the Y2O3-IZO samples, the peak in Y 
region is analyzed from YO16 to YO28. As shown in Figure 7.2 (b), (c) and (d), Y peak 
can be deconvoluted into two resolved peaks located at binding energies of 156.9 ± 
0.1 eV and 159.0 ± 0.1 eV, using a Shirley-type baseline with pure Gaussian profiles. 
According to the Handbook of Monochromatic XPS Spectra, the resolved Y peaks of 
naturally formed yttrium oxide have binding energies of 158.6 eV corresponding to 
Y2O3, 156.8 eV corresponding to YOx, and 155.9 eV corresponding to the metallic 
state Y
0
. [4] According to Uwamino and Ishizuka, [5] the Y-peak of yttrium oxide 
prepared by furnace sintering can be deconvoluted into 158.9 eV (3d3/2) and 156.8 eV 
(3d5/2), both of which belong to the possible oxidation states of Y. NIST X-ray 
Photoelectron Spectroscopy Database also list unnamed YOx with yttrium 3d binding 
energies of 158.5 eV~160.65 eV and 156.6 eV~157 eV for Y
3+
, and 155.8 eV~156.1 
eV for Y
0
. [6] A comparison between the XPS results of our samples and the data in 
the references suggests that our deconvoluted peaks at 156.9 ± 0.1 eV and 159.0 ± 0.1 
eV belong to the Y
3+
 state and no metallic Y
0
 state exists. This means that Y releases 




 in the Y2O3-IZO 
samples. d
0
 indicates no d-d transition induced color center so high transmittance is 
expected in the samples. The principal quantum number n = 5 indicates large spatial 
spread of the metal cation s-orbital, which can lead to conduction paths overlapping 
even in amorphous state. [1] Therefore high conductivity is expected due to the 
overlapping of conduction paths. 
 





Figure 7.2  XPS spectra in Y 3d region for all samples (a); Y peak for sample YO16 
(b), YO22 (c), and YO28 (d) can be deconvoluted into two resolved peaks at 156.9 ± 
0.1 eV and 159.0 ± 0.1 eV, indicating 3+ state of Y in samples YO16-YO28. 
 
In order to confirm if Y exists in samples YO1-YO9, SIMS, which is a much more 
sensitive technology in finding elemental traces, is conducted. The results are shown 
in Figure 7.3. From Figure 7.3 (a), (b), and (c), the average secondary ion intensities 
(IY) of Y for samples YO1, YO4, and YO9 are 0, <1, and ~3 counts, respectively. 
Therefore, the relative concentrations of Y can be proved to increase from YO1 to YO9. 
Finally, Y concentration in the Y2O3-IZO samples can be verified to increase with Y 
target power increasing from 1 W to 28 W. The elemental analyses above indicate that 
there is a small amount of Y content in all the Y2O3-IZO samples and Y exists in an 
oxidation state. 
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Figure 7.3  SIMS depth profile spectra for yttrium in the samples: (a) YO1, (b) YO4, 
and (c) YO9, respectively. 
 

















































































Figure 7.4  Variation of (a) carrier concentration (N), (b) mobility (µ), (c) 
conductivity (σ), and (d) N/µ of Y2O3-IZO samples. 
 
From Hall measurement, the carrier concentration, mobility and conductivity of the 
Y2O3-IZO samples are identified and shown in Figure 7.4. It is observed that the 
conductivity decreases from 190 Scm
-1
 to 99 Scm
-1
 with increasing Y2O3 target power 
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from 0 W (sample IZO) to 1 W (sample YO1). This is understandable since IZO 83/17 
is the de facto standard for the flat panel display industry and is supposed to be the 
most conductive IZO system. It is generally understood that an introduction of foreign 
elements into IZO system will cause a conductivity reduction. However, with 
increasing Y2O3 target power from 1 W to 16 W, the conductivity increases gradually 
from 99 Scm
-1
 to 566 Scm
-1
. The conductivity of YO16 is ~6 times higher than that of 
YO1 and ~3 times higher than that of our IZO 83/17 reference. From YO16 to YO22, 
the conductivity shows no significant change whereas from YO22 to YO28, the 
conductivity decreases dramatically from 486 Scm
-1
 to 184 Scm
-1
, indicating that 
there is a limit in improving the sample conductivity through Y2O3 incorporation. The 
conductivity trend from YO0 to YO28 can be better understood after analyzing the 
variation of carrier concentration and mobility. For carrier concentration, the 
Y2O3-IZO samples are all obviously higher than IZO except for the case of YO28. The 
higher carrier concentration for YO1-YO22 than IZO can be interpreted when Y is 
considered as extrinsic defect. As extrinsic defects, Y can take interstitial positions or 
substitute Zn or In cations in IZO compound, or even form complex defects, which all 
contribute to n-type conductivity. [7] The strange low carrier concentration of sample 
YO28 is probably due to the intensified disorder induced trapping states, leading to the 
decrease of the number of free carriers available for electrical conduction. The 
mobility of samples YO1-YO9 is much lower than sample IZO in Figure 7.4 (b), 
which is mainly due to the scattering at the sites of foreign atoms. However, the 






 (much higher 
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than the reported Y2O3-IZO [8]) after the Y2O3 target power increasing from 9 W to 
22 W, shown in Figure 7.4 (b). This unexpected interesting phenomenon will be 
discussed further in the following paragraphs. After the Y2O3 target power increases 
































































Figure 7.5  Plots of normalized resistivity vs. temperature for the Y2O3-IZO samples: 
IZO (YO0), YO1, YO4, YO9, YO16, and YO22, respectively. 
 
In order to give more detailed information on transport properties, low-temperature 
studies of resistivity as a function of temperature are conducted for all Y2O3-IZO 
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samples. As shown in Figure 7.5, samples YO0-YO9 follow a semiconductor 
conduction mechanism with a resistivity of negative temperature coefficient. As the 
Y2O3 sputtering power increases from 9 W to 16 W, the temperature coefficient of 
resistivity changes from negative to positive, signifying a characteristic change from a 
semiconductor to a metallic behavior. The metallic behavior of samples YO16 and 
YO22 suggests that they possess characteristics similar to those of a heavily doped 
degenerate semiconductor with Fermi level inside the conduction band, which agrees 
very well with the high conductivity of samples YO16 and YO22 at room temperature. 
Therefore, the classical Drude model [9] can be applied to determine the electron 
effective mass (
*















                            
(7.1) 
where e, C, and ε0 refer to the electron charge, the speed of light in vacuum, and the 
free space dielectric constant; ε∞, N and λp represent the high-frequency dielectric 
constant, the carrier concentration and the plasma resonance wavelength of the film. 
The value of ε∞ in Eq. (7.1) was reported to be 4 for both In2O3 and ZnO [10, 11] as 
well as IZO. [12] Based on the elemental analysis described earlier, it is known that Y 
content is very low (<1 wt%) in our Y2O3-IZO samples and therefore ε∞ is 
approximated as 4 in the calculation. The N value was achieved through Hall 
measurement, while λp was obtained from ε∞ and the reflectance minima wavelength 










.                             
(7.2) 
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The values of λmin for the samples YO16 and YO22 are obtained from the plot of 
reflectance versus wavelength, as shown in Figure 7.6, and these values together with 
the calculated λp are listed in Table 7.1.  





























Figure 7.6  Reflectance spectra of samples YO16 and YO22 in the infrared range. 
 
Table 7.1  The carrier concentration (N), reflectance minima wavelength (λmin), 
plasma wavelength (λp), and effective mass (
*














YO16 14.8 1730 1998 0.13 me 
YO22 9.4 1954 2256 0.11 me 
 
The effective mass 
*
em  was obtained from Eq. (7.1). Substituting Eq. (7.2) into Eq. 
(7.1) and with values of λp in Table 7.1, 
*
em  is evaluated to be 0.13 me for YO16 and 
0.11 me for YO22, where me refers to the rest mass of a free electron. The calculated 
small values of 
*
em  in both samples can explain well the appearance of high mobility 
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of both samples. The small effective masses possibly result from the influence of the 
interactions of defects through Y introduction. According to Y. S. Kim et al [13], 
strong interactions of donor-like defects in ZnO, another most extensively studied 
TCO, can lead to a defect complex formation and a significant reduction in the 
formation energies as well as a band structure change. This may also be applicable to 
the understanding of the mechanism of Y doping into a-IZO. Y introduction into 
a-IZO may render a stronger interaction among defects and lead to defect complex 
formation with small formation energy. The defect complex may play a main role in 
leading to a large curvature near the conduction band minimum, and hence the small 
effective mass. For an IZO system, the effective mass is reported to be ~0.3 me while 












Figure 7.7  Temperature dependence of the normalized resistivity ρ (T) of sample 
YO28 and its fitting curve. The solid line is the fit with Eq. (7.3) by MATLAB of the 
experimental data (open rectangles). 
 
The temperature dependent resistivity curve of sample YO28 is seen in Figure 7.7. 
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Figure 7.7 shows a low temperature resistivity anomaly, obviously deviating from the 
common semiconductor and metallic behavior. To the best of our knowledge, this low 
temperature resistivity anomaly (metal-semiconductor transition) in a Y2O3-IZO 
system is observed for the first time, although the phenomenon has also been 
observed in other semiconductor oxides, such as undoped In2O3 [15], undoped ZnO 
[16], indium tin oxide (ITO) [17], IZO [18], Al doped ZnO [19], and our Al2O3 doped 
IZO. [20] This low temperature resistivity anomaly is believed to be related to 
disorder and can be interpreted only if taking into account the quantum correction to 
the resistivity determined by the semiclassical Boltzmann approach. According to Lee 
and Ramakrishnan [21], the model of resistivity corrected by quantum interference 
















                   
(7.3) 
where σ0 is related to the residual resistivity ρ0 (ρ0=1/σ0); a1T
p/2
 describes the weak 
localization due to the self-interference of quantum wave functions backscattered on 
impurities, in which p depends on the nature of the interactions and p = 2 or 3 for 
electron-electron or electron-phonon interactions; a2T
1/2
 corresponds to the Coulomb 
electron interactions renormalized by self-interference effects; and bT
2
 accounts for 
the high temperature scattering contribution. The transport properties of sample YO28 
is analyzed by fitting the temperature dependent resistivity curve in the range of 110 
K to 313 K by Eq. (7.3). The fitting curve together with the experimental result of the 
temperature dependent resistivity of YO28 is shown in Figure 7.7. In Figure 7.7, the 
solid line refers to the fitting curve while the open-rectangle curve represents the 
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experimental data. The corresponding values of the fitting parameters are generated in 
Table 7.2. From the best fitting, p equals to 1.99, indicating that the nature of the 
interaction corresponds to the electron-electron interactions. [21] This is 
understandable since YO28 is amorphous without crystal lattice and there are no 
strong electron-phonon interactions. Compared with a1 and a2 in Table 7.2, a1<<a2 
indicates that the essential contribution to the quantum corrections of resistivity 
comes more from the weak localization due to the self-interference of quantum wave 
functions backscattered on impurities than electron-electron interactions. It means that 
disorder effect plays a dominant role in the transport properties of YO28. The 
intensified disorder due to Y doping content to a critical level may cause the material 
system change and result in the decrease of both carrier concentration and mobility. It 
should be mentioned that this model of resistivity corrected by quantum interference 
is valid only if the quantum correction is much smaller than the Boltzmann 





<<σ0.                    (7.4) 
Deducing from the fit parameters from Table 7.2, in the studied interval of 
temperatures (110 K < T <151 K (Tch)), the highest ratio of δσ/σ0 is ∼0.09, meaning 
that the quantum corrections are small with respect to the Boltzmann conductivity. 
Therefore, the above quantum corrections under the weak disorder limit can be further 
confirmed to be valid. Tch is the temperature at which the resistivity becomes 
minimum and can be derived from dρ/dT=0 during fitting process using Eq. (7.3). 
The calculated Tch is 151 K, which matches very well with the experimental data.  
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Table 7.2  Values of the fit parameters of Eq. (7.3) for sample YO28  
Fit parameters of Eq. (7.3)  







 1.99 151 
 
 
Table 7.3  Average transmittances (Trans) in the range of 400-800 nm and FOM 
values of Y2O3-IZO samples as a function of Y2O3 target power. 
Y2O3 target power (W) 0 1 4 9 16 22 28 
Average Tran  
of 400~800 nm (%) 
85.63 76.29 77.99 80.24 88.18 87.94 86.82 
FOM (10
−3
 Ω-1) 1.1 0.24 0.48 0.63 8.0 6.8 2.3 
 
Table 7.3 shows good transmittance in the visible range for all Y2O3-IZO samples. 
The optical transmittance of samples YO1-YO9 is slightly lower than that of sample 
IZO while samples YO16-YO28 show comparable or even higher optical transmittance 
than that of IZO. Considering as transparent electrodes, the Haacke FOM [22] of all 
Y2O3-IZO samples need be evaluated by 
ΦTC= Tav
10
/Rsq                          (7.5)  
where Tav is the average transmittance in the wave length range of 400-800 nm and 
Rsq is the sheet resistance. As shown in Table 7.3, ΦTC of certain Y2O3-IZO sample 
can show an 8 times higher value than IZO, indicating its high performance in 
applications.  
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Figure 7.8  Optical transmittances of the Y2O3-IZO samples in the infrared range. ‘a’, 
‘b’, ‘c’, ‘d’, ‘e’, ‘f’ and ‘g’ in the graph represent sample IZO (YO0), YO1, YO4, YO9, 
YO16, YO22 and YO28, respectively. 
 
The optical transmittance in the infrared range changes with increasing Y2O3 
incorporation, shown in Figure 7.8. Based on the variation of carrier concentration 
and mobility, the transmittance change in the infrared region can be explained by the 






                                 
(7.6) 
where A, λ, N, and µ refer to a constant, the wavelength of the incident light, the 
carrier concentration and the mobility respectively. [9] According to Eq. (7.6), in 
order to obtain α, N/µ needs to be estimated first. The value of N/µ first increases 
from IZO to YO1 and then decreases to YO28, as shown in Figure 7.4 (d). Therefore, 
from Eq. (7.6), the value of α follows a similar trend: its value will increase from IZO 
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to YO1 and then decrease to YO28. α variation can well explain the decrease of 
transmittance in the infrared region from IZO to YO1 and increase from YO1 to YO28 
(see Figure 7.8). Thus, the transmittance in the infrared region is mainly affected by 




In this chapter, we found that Y2O3 doped IZO sample can be 3 times more 
conductive than the industrial standard IZO 83/17 one, following a doping mechanism 
of semiconductor. According to the classical Drude model, the effective mass of the 
sample with metallic conduction behavior is calculated to be less than 0.2 me, which 
explains the high mobility of those samples. A low temperature resistivity anomaly is 
observed and interpreted in the frame of quantum corrections to resistivity. All 
Y2O3-IZO samples show good transmittance in the visible range and certain 
Y2O3-IZO sample can exhibit an 8 times higher Haacke FOM value than IZO, 
indicating its high performance in applications. The transmittance in the infrared 
region first decreases from IZO to YO1 and then increases from YO1 to YO28, which 
is in accordance with the absorption induced by free carriers. 
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Chapter 8 Concluding remarks 
 
8.1 Summary of results 
 
In this thesis, new a-IZO based TCOs are explored and the working hypothesis 
proposed by Hosono et al is assessed. The working hypothesis proposed by Hosono et 




 (n ≥ 4), where n 
refers to quantum number, are potential candidates in forming a-TCOs. In the 
potential candidates recommended by the working hypothesis, except toxic elements, 
stable Au, p-type forming element Cu, and the reported Ga and Sn, only Ag and Ge 
remain to be promising candidates to incorporate into the main matrix of indium zinc 
oxide (IZO) for the purpose of forming new a-TCO with a-IZO. Beyond Hosono et 
al’s working hypothesis, low cost Al or Y are also interesting candidates to 
incorporate into a-IZO since in forming oxide, each of them generally releases all 3 
valence electrons and has larger covalent radius, probably contribute to n-type 
conductivity increase when incorporated into a-IZO. Besides high transmittance after 
incorporation are also expected since no color center exists. Therefore, the effect of 
candidates Ag, Ge, Al and Y on the properties of a-IZO is first investigated and the 
working hypothesis is assessed accordingly. The major findings or results are 
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summarized as follows: 
 





 may be a good candidate in forming a-TCOs, the method of Ag or Ag2O 
incorporating into a-IZO by co-sputtering is found not working well for achieving 
a-TCO. Even though we didn’t get good a-TCO using co-sputtering Ag and a-IZO, a 
thin Ag layer embedded a-IZO was found to be able to achieve conductivity 19 times 
higher than that of the IZO reference. Based on analysis of the carrier transport 
mechanism, a general conduction model for this Ag embedded a-IZO system was 
proposed and explained by fitting the experimental data. The Haacke figure of merit 
(FOM) is widely employed to evaluate the performances of transparent conducting 
films as transparent electrodes in the devices. The Haacke FOM value of the Ag 
embedded a-IZO system is found about 3 times higher than that of the IZO sample, 
indicating its effectiveness in improving performance in applications.  
 




 is also in the scope of Hosono et al.’s 
working hypothesis. Even though metallic Ge incorporated a-IZO is found not able to 
further improve conductivity with acceptable transmittance, transparent GeO2 
incorporated a-IZO through co-sputtering GeO2 and IZO can have conductivity 2 
times higher than that of a-IZO. The GeO2 incorporated a-IZO sample with large 
amount (Ge/(Zn+In+Ge) atomic ratio up to 12 %) of Ge content, denoted as 






 and belongs to 
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ionic amorphous oxide, which supports the working hypothesis proposed by Hosono 
et al. With Ge concentration increasing, unexpected appearance and disappearance of 
crystalline In2O3 phase were observed and explained based on thermodynamics. 
Besides, systematic low temperature resistivity anomalies (semiconductor-metal 
transition) were observed and interpreted in the frame of quantum corrections theory. 
The Haacke FOM value of a-GeZnInO is found similar to the IZO reference. 
 
Although metallic Al incorporated a-IZO was found not good for improving 
conductivity with acceptable transmittance, the method of Al2O3 doping into a-IZO, 
can work well for that purpose. For metallic Al incorporated a-IZO, some strange 
phenomena were observed. Al incorporation into a-IZO was found to be able to 
induce different types of partial crystallization. Besides, an abrupt resistivity decrease 
due to the creation of oxygen deficient regions in a ternary amorphous system was 
realized, which provided the first evidence of the new type insulator-metal transition 
in a ternary amorphous system. For Al2O3 doped a-IZO, some samples can be 4 times 
higher than that of IZO with an industrial standard indium and zinc atomic ratio of 
83/17. Furthermore, by increasing Al2O3 content, strangely, Al2O3 doped IZO samples 
exhibited an unexpected high mobility trend and a transport property change from 
semiconductor to metallic mechanism. The presence of minimum resistivity in 
resistivity-temperature curve, denoted metal-semiconductor transition, was observed 
and interpreted through the quantum corrections to conductivity. Certain Al2O3 doped 
a-IZO sample can have a higher FOM value than the industrial standard IZO 83/17.  
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Through the studies of Ag, Ge and Al, we found that metallic elements incorporation 
was not effective in achieving higher conductivity with reasonable transmittance 
comparing with metallic oxides incorporation. Therefore, Y2O3 incorporated a-IZO 
(Y2O3-IZO) is conducted and the results show that through doping Y2O3 into a-IZO, 
the conductivity can be 3 times higher than that of IZO with an industrial standard 
indium and zinc atomic ratio of 83/17. Furthermore, by increasing Y2O3 content, Y2O3 
doped IZO samples also exhibited an unexpected high mobility trend, a transport 
property change from semiconductor to metallic mechanism, the presence of 
minimum resistivity in resistivity-temperature curve, denoted metal-semiconductor 
transition. Certain Y2O3-IZO sample shows an 8 times higher Haacke FOM value 
than IZO, indicating its high performance in applications. 
 
In summary, for the two elements Ge and Ag in the scope of Hosono’s hypothesis, the 
results shows that Hosono’s hypothesis is valid in the exploration of a-TCO although 
there is no conclusion on Ag incorporated a-IZO. The systematic research reveals for 
the first time that ~12 at% Ge incorporation in a-IZO can keep the sample to be highly 
conductive and transparent, supporting the hypothesis on amorphous TCO proposed 
by Hosono and co-workers. Ag incorporation in a-IZO cannot be achieved technically 
due to the low decomposition temperature of silver oxide. For the two elements 
outside Hosono’s hypothesis, only doping can make the a-IZO more conducting, and a 
high concentration (>2 at%) makes the sample electronic and optical properties poor. 
Such results also support Hosono’s hypothesis. In addition to the assessment of the 
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hypothesis, interesting novel phenomena have been found and studied systematically 
and a deeper understanding of the foreign elements incorporated a-IZO has been 
achieved. 
 
8.2 Future work 
 
Based on the working hypothesis proposed on ionic amorphous oxide (a-TCO), there 
are 105 combinations of elements possible for ternary oxide, and even more for 
quaternary oxide. Only several suitable ionic amorphous oxides have been reported, 
such as CdO-PbO2, AgSbO3, Cd2GeO4, a-IZO, a-IGZO (Ga2O3 incorporated IZO), 
and a-ITZO (amorphous SnO2 incorporated IZO) [1-4]. Through our original studies 
on the incorporation of Ag, Ge, Al and Y into a-IZO compounds, a-GeO2-IZO was 
first found to be good ionic amorphous oxide as well. Based on the current results and 
understanding, the following ideas can be proposed for future study: 
(1) Even though we didn’t get good a-TCO by co-sputtering Ag and a-IZO, the 
working hypothesis cannot be proved not invalid. In the future, other methods like 
sintering Ag-In-Zn-O bulk or sputtering using vacuum sintered Ag-In-Zn-O target, 
can also be applied to fabricate Ag-In-Zn-O samples and to assess the working 
hypothesis.  
(2) According to the working hypothesis, there are 105 combinations of elements 
possible for ternary oxide, and even more for quaternary oxide. Except the already 
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reported a-TCOs and our original works, it is also of interest to develop new 
materials design based on the working hypothesis other than those covered in this 
thesis.  
(3) Although a-TCOs exhibit excellent electronic transport properties in contrast to 
traditional amorphous covalent semiconductors, their underlying chemical and 
physical characteristics have not yet to be fully understood. It is therefore 
important to obtain a deep understanding of the underlying 
composition-structure-performance relationship from a first-principles 
electronic-structure perspective while the work still lacks [5]. So theoretical work 
from a first-principles electronic-structure perspective on a-TCOs is also worth to 
conduct in the future.  
(4) The newly explored a-TCOs such as a-GeZnInO, can be applied in such as solar 
cells, TFT and LED etc, which can also be an area of the future work. 
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